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ABSTRACT
Dugongs are large primary consumers of seagrass communities, and thereby shape the diversity, structure,
and dynamics of these extensive ecosystems. The dugong is listed as vulnerable to extinction at a global
scale. Because dugongs are seagrass specialists, understanding the interaction between dugongs and their
seagrass habitats is crucial to their conservation. Habitat use by dugongs is beginning to receive greater
attention by managers and ecologists, but a spatially-explicit model capable of predicting usage by
dugongs based on attributes of those habitats is lacking. Studying the interaction between dugongs and
their seagrass food requires knowledge of the movements and diving behaviour of dugongs at scales
relevant to both dugongs and managers. Information is needed on dugong spatial patterns, including
movement behaviours and habitat use, across domains of scale. Multi-scale approaches to dugong
research have not been possible in the past because of the difficulties in observing dugongs directly and
the low resolution of telemetric equipment.
My project capitalised on recent technology incorporating accurate GPS technology into tracking
equipment to monitor the habitat use of wild animals at very high resolution (<10 m). Advances in
geographic information systems (GIS) and spatial modelling enabled habitat selection by satellite-tracked
dugongs to be analysed in a high-resolution, spatially explicit manner. I used hierarchical scales of spatial
analyses to assess the relative importance of different seagrass meadows and parts of meadows to
dugongs at scales that are suitable for informing policy concerning the management of human activities.
My central research hypotheses were that: (1) dugongs forage like terrestrial mammalian grazers in that
they prefer habitats where their foraging efficiency is greatest and (2) patterns of dugong movements and
habitat use across spatial scales are intimately linked to the availability and distribution of quality
seagrass forage.
I investigated the mechanisms that produce the large-scale distribution and movement patterns of dugongs
by reanalysing the results of historical aerial surveys and satellite tracking conducted by earlier
researchers in combination with new data from my GPS telemetry of 20 dugongs in sub-tropical and
tropical waters of Queensland and the Northern Territory, Australia. The mean patch size supporting high
relative density (> 0.1 dugongs/km2) of dugongs over 20 years along the urban coast of Queensland was
77 km2 (± 4 s.e.). Hence, at regional and landscape scales (> 100 km2) dugongs select habitat at the level
of individual bays along the coast. The tracked dugongs were followed for periods ranging from 15 to 551
days and exhibited a large range of individualistic movement behaviours; 26 individuals were relatively
sedentary (moving < 15 km) while 44 made large-scale movements (> 15 km) of up to 560 km from their
capture sites. Male and female animals, including cows with calves, undertook large-scale movements
(LSM; > 15 km).

ix

At least some of these movements were return movements to the capture location, suggesting that such
movements were ranging rather than dispersal movements. Large-scale movements included macro-scale
regional movements (> 100 km) and meso-scale inter-patch local movements (15 ≤ 100 km) and were
qualitatively different from tidally-driven micro-scale commuting movements between and within
seagrass beds (< 15 km). Large-scale movements were rapid and apparently directed. Tracked dugongs
rarely travelled far from the coast (mean max distance = 12.8 ± s.e. 1.3 km). Dive profiles from the timedepth recorders suggest that dugongs make repeated deep dives while travelling rather than remaining at
the surface. Some animals caught in the high latitude limits of the dugongs’ range on the Australian east
coast in winter apparently undertook long distance movements in response to low water temperatures,
similar to the seasonal movements of Florida manatees.
A 24 km2 seagrass meadow in Hervey Bay, Queensland, Australia was confirmed as important dugong
habitat on the basis of the tracking data. Marine videography, Near-infrared Spectroscopy (NIRS) and
Geographic Information Systems (GIS) were used to survey, analyse and map seagrass species
composition, nutrient profile and patch structure of the meadow at high resolution (200 m). Five species
of seagrass covered 91 % of the total habitat area. The total above and below-ground seagrass biomass
was estimated to be 222.7 ± s.e. 19.6 t dry-weight. Halodule uninervis dominated the pasture (81.8 %,
162.2 t), followed by Halophila ovalis (35.3 %, 16.5 t), Zostera capricorni (15.9 %, 22.2 t), Halophila
spinulosa (14.5 %, 21.9 t), and traces of Halodule pinifolia. Because the distributions of the various
seagrass species overlapped, their combined percentage totalled > 100 % of the survey area. The seagrass
formed a continuous meadow of varying density.
For all seagrass species, the above-ground component (shoots and leaves) possessed greater total nitrogen
than the below-ground component (roots and rhizomes), which possessed greater total starch. Because of
the relatively low intraspecific variation in nutrient composition, nutrients were concentrated according to
seagrass biomass density. H. uninervis was the most nutritious seagrass species because of its higher
whole-plant nitrogen (1.28 ± s.e. 0.05 % DW) and starch (6.42 ± s.e. 0.50 DW %) content. H. uninervis
formed large, clustered patches of dense biomass across the pasture and thus nitrogen and starch were
concentrated where H. uninervis was prevalent. These survey and analytical techniques enabled me to
rapidly, economically and accurately quantify and characterise seagrass habitat at scales relevant to a
large forager.
I used GIS and spatial statistics to identify the role of physical environmental characteristics in
determining the activity patterns and fine-scale space-use of dugongs tracked in coastal and deepwater
seagrass habitats using GPS telemetry. A seagrass meadow was defined as a core dugong habitat if more
than 10 days of satellite location fixes were obtained from an individual animal occupying an area <100
km2. Habitats were categorised as inshore/intertidal or offshore/subtidal depending on their distance to the
shore and the water depth. Inshore/intertidal habitats had a shallow component that was exposed at lowx

tide. Offshore/subtidal habitats were at least 5 km from the nearest mainland and were at least 3 m deep at
mean low water spring tide (MLWS). Location fixes acquired from dugongs tracked in coastal habitats
exhibited significant circadian rhythms, with fewer locations during the morning than during late
afternoon/night. GPS location fixes could only be acquired when the transmitter was at the surface. Such
periods are typically brief, as when the animal surfaces to breathe. More GPS locations were acquired
from inshore/intertidal dugongs that were foraging in the intertidal zone than from animals in the subtidal
zone. This telemetric artefact provided an indication of when the animals were moving across shallow
intertidal waters. More locations were received at night when the animals were generally closest to the
shore and in shallow water and fewer locations were received during the day when animals were further
subtidal in deeper waters. Hence, the average depth of water experienced by dugongs and their distances
from the shore may have been significantly underestimated, especially when fix success was low, since
animals that were in shallower water were more likely to be sampled. Consequently, my estimates of the
diel patterns of dugong space use were more conservative than the actual situation and probably
underestimated the strength of the tidal patterns.
Dugongs were in deeper water more often during the morning than during late afternoon/night. There was
no effect of tide height on the actual depths in which dugongs occurred. Dugongs in coastal habitats were
furthest from the shore between 6:00am and 12:00pm and closest between 3:00pm and 12:00am.
Dugongs were closer to the shore during high tide than during low tide. Physical environment variables
had little or no effect on the spatial patterns of dugongs tracked in deep water. The movement speeds of
the coastal and deepwater dugongs increased marginally between 9:00am and 3:00pm, from an average of
200 to 300 m/hr.
Seven dugongs were GPS tracked at a fine spatial scale (< 10m) within the Burrum seagrass habitat in
winter. Resource selection within the habitat was modelled by comparing the dugongs’ use of space with
the distribution of their seagrass food resources within an area defined using the combined space-use of
the tracked animals. The association of dugongs with seagrass quantity (biomass) and quality (nutrients)
was analysed within six time/tide combinations to examine the influences of tidal periodicity and the diel
cycle on resource selection. I used resource utilisation functions (RUFs) to relate a probabilistic measure
of each individual dugong’s space-use in each time/tide combination in a utilisation distribution (UD)
(dependent variable) to the spatial landscapes of the resource variables (independent variables) using
multiple regression.
The RUF models indicated that dugong space-use was consistently centred over seagrass patches with
high nitrogen concentrations, except during the day at low tides when their space-use was centred over
high seagrass biomass and away from seagrass with high starch concentration. Dugong association with
seagrass high in starch was positive during both day and night high tides when dugongs could access
intertidal areas where the seagrass biomass was generally low. Patterns of association with seagrass
xi

species were less definite. Estimates of the intensity of dugong space-use in relation to available seagrass
resources may be confounded by the differentiation of fix probability by depth and speed. Because my
estimates of dugong space-use in relation to subtidal seagrass may have been more conservative than the
data suggested, the positive association of dugongs with patches of high biomass seagrass and avoidance
of patches containing H. spinulosa and Z. capricorni in the subtidal zone may have been over-estimated
by this sampling bias.
I posit that dugong habitat selection and resource use occur hierarchically, across (at least) three different
domains of scale: (1)at a regional-scale (> 10 000 km2) dugongs select habitat at the level of individual
bays along the Queensland coast; (2) at a landscape-scale (< 10 000 km2), dugongs select seagrass
pastures within bays along the Queensland coast comprised of nutritious plant species; (3) at a local-scale
(< 10 km2) within seagrass pastures that are within bays along the Queensland coast, dugongs select
seagrass patches on the basis of their nutrient concentrations. I recommend that the appropriate scales at
which to manage dugong populations and their seagrass habitats be co-ordinated within and across the
hierarchical scales of habitat use indicated by my analysis.
My finding that dugongs frequently undertake large-scale moves has implications for management at a
range of scales, and strengthens the aerial survey and genetic evidence for management and monitoring at
ecological scales that cross jurisdictions. The capacity of large-scale monitoring programs to detect trends
in dugong numbers at scales of even thousands of km2 is confounded by the dugongs' tendency to
undertake large-scale moves. With movement between bays a common occurrence, estimates of
population size and trends can only be meaningfully made at regional scales.
The tendency for dugongs to track the bottom on large-scale movements may increase their vulnerability
to incidental capture in bottom set gill nets. In addition, if dugongs transfer their spatial knowledge of the
location of quality food resource patches to their offspring, then local depletions will lead to loss of this
knowledge. Areas of high quality seagrass may thus become unknown to dugongs. In the absence of
grazing pressure such areas may become less valuable as dugong habitat if the early seral stage species of
seagrass preferred by dugongs convert to more fibrous species.
My research suggests that dugongs actively select seagrass habitats comprised primarily of H. ovalis and
H. uninervis, based on the high starch and nitrogen content of these species. Bays containing these quality
food resources comprise an interlinked network of core habitats between which dugongs frequently move.
Accordingly, bays along the Queensland coast with seagrass meadows dominated by H. ovalis and H.
uninervis should be afforded a high level of protection as potential quality dugong habitat. Bays with
extensive intertidal meadows of H. uninervis should also receive enhanced protection, even if the seagrass
biomass is low. Even though they have low seagrass biomass, thermoregulatory habitats play an
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important role in maintaining dugong populations and should be included in dugong habitat protection
strategies.
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CHAPTER 1.
A Spatial Approach to Enhancing the Ecological Basis for the
Conservation Management of Dugongs

Dugongs are large primary consumers of seagrass communities, and thereby shape the diversity,
structure, and dynamics of these extensive ecosystems. The dugong is listed as vulnerable to extinction
at a global scale. Australia, with the world’s most significant dugong population, has an international
obligation to ensure the continued survival of dugongs in the wild. Studying the interaction between
dugongs and their seagrass food requires knowledge of the movements and diving behaviour of
dugongs at scales relevant to both dugongs and managers. Multi-scale approaches to dugong research
have not been possible in the past because of the difficulties of directly observing dugongs and the low
resolution of telemetric equipment. Because dugongs are difficult to study in the wild, information on
dugong behaviour is lacking. I describe how this project has capitalised on recent developments
incorporating accurate GPS technology into tracking equipment to monitor the habitat use of wild
dugongs at very high resolution. Telemetric advances have provided the capacity to model and map
dugong habitat use in the inshore waters of the Great Barrier Reef and adjacent Hervey Bay and to
assess the relative importance of different seagrass meadows and parts of meadows to dugongs at
scales that are suitable for informing policy on the management of human activities. The overall aim of
this thesis was to characterise dugong movement patterns and quantify dugong resource use by
applying recent advances in spatial analyses and foraging models to telemetric data remotely acquired
from wild dugongs. In this chapter I outline the rationale for my thesis in the context of mammalian
foraging ecology, and describe the major objectives of my study and the structure of my thesis.
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1.0.

The dugong: An introduction

1.0.1.

Ecology

The dugong, Dugong dugon (Müller) is the only herbivorous mammal that is strictly marine, and is the
only surviving representative of a highly specialised group of marine mammals (family Dugongidae;
order Sirenia). The only other modern dugongid, Steller’s sea cow (Hydrodamalis gigas (Zimmerman)
was exterminated by sealers within 27 years of its discovery in 1741 (Stejneger 1887). The other extant
Family in the order Sirenia is the Trichechidae (manatees) (Domning 1999, 2001). Manatees differ
from dugongs in morphology, habits and geographical distribution (Heinsohn et al. 1977), being closely
associated with, and possibly dependent on, freshwater (Reynolds and Odell 1991).
Dugongs graze predominantly on the phanerogamous seagrasses of the families Potamogetonaceae and
Hydrocharitaceae (Husar 1978, Preen 1992, Marsh et al. 2002). The dugong is a large hindgut
fermenter (Murray et al. 1977). Adults are usually between 2.0 and 3.0 m long and have been reliably
measured to a maximum length of 3.31 m (Nishiwaki and Marsh 1985). Dugongs are long-lived with
low reproductive potential, high adult survivorship, long generation time and a high female investment
in each offspring (Marsh et al. 1984a, Marsh 1995, Boyd et al. 1999). They have a maximum longevity
of approximately 70 years (Marsh 1980, Marsh et al. 1984a, Marsh 1986, 1995, 1999, Kwan 2002), a
minimum pre-reproductive period of 6 – 17 years and a variable mean calving interval of 2.5 to 7 years
(Marsh 1995, Boyd et al. 1999, Marsh 1999, Kwan 2002). The gestation period has been estimated at
13 to 14 months (Marsh et al. 1984a, Nishiwaki and Marsh 1985, Boyd et al. 1999, Kwan 2002).

1.0.2.

Conservation management issues

The dugong’s range extends through the waters of at least 37 countries and territories in the tropical and
subtropical coastal and island waters of the Indo-Pacific from East Africa to the Solomon Islands and
Vanuatu, and between about 26-27° north and south of the equator (Nishiwaki and Marsh 1985, Marsh
et al. 2002). In most of this range, only relict populations of dugongs now exist. Large areas where
dugongs are believed to be close to extinction separate these populations (Nishiwaki and Marsh 1985,
Preen 1998, Marsh et al. 2002). Over much of this range, dugongs are known only from incidental
sightings, accidental drownings and anecdotal reports of fishers (Marsh et al. 2002). In Australia,
dugongs occur in tropical and subtropical waters from Moreton Bay in the east to Shark Bay in the west
(Marsh and Lefebvre 1994, Marsh et al. 1999, Marsh et al. 2002). The waters of northern Australia are
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internationally recognised as the stronghold of the dugong (Marsh et al. 2001, Marsh et al. 2004).
Consequently, Australia has an international obligation to ensure their survival (Bertram 1981).
Throughout their ranges, all sirenians including dugongs, are vulnerable to threatening anthropogenic
processes which include direct exploitation, habitat destruction or modification, pollution, mortality or
injury from boats and interactions with fisheries (Marsh and Lefebvre 1994, Marsh et al. 1999, 2001,
2002, 2004). The inshore habitats, especially seagrass communities, required by dugongs are
particularly sensitive to natural and anthropogenic impacts (Fonseca 1987, Poiner and Peterken 1996).
These impacts include: dredging and other disturbances of bottom sediments; additions of toxic and
thermal wastes; certain types of commercial fishing on seagrass bottoms; boat propeller scarring;
clearing of lands for agriculture which increases rates of erosion and inputs of sediments; oil spillage
and sewage pollution (Thayer et al. 1975, Heinsohn et al. 1977, Silas and Fernando 1985, Short and
Willie-Echeverria 1996, Schaffelke et al. 2005).
Seagrasses are vulnerable to extreme episodic weather events such as cyclones and floods, which can
destroy hundreds of square kilometres of seagrass (Poiner and Peterken 1996), from extreme wave
action, shifting substrates, adverse changes in salinity, and increased turbidities resulting from
increased runoff and river flooding (Heinsohn and Spain 1974, Preen et al. 1995, Preen and Marsh
1995, McKenzie et al. 2000, Campbell and McKenzie 2004). Loss of seagrass reduces dugong
reproductive rates (Marsh 1995, Boyd et al. 1999). For example, in 1992, more than 1000km2 of
seagrass were lost from Hervey Bay, Queensland following two floods and a cyclone in quick
succession, decimating the local dugong population to ~ 71 individuals. Some animals survived by
relocating to other localities such as Moreton Bay 400 km to the south, but the dugongs remaining in
the Hervey Bay region stopped breeding and many died of starvation 6 – 8 months after the flooding
event (Preen et al. 1995, Preen and Marsh 1995). The true extent of the loss of dugongs from the Bay
due to migration versus mortality has yet to be ascertained (Marsh and Lawler 2007).
All extant members of the Order Sirenia are now listed in The World Conservation Union Red Data
Book of Threatened Species as ‘Vulnerable to Extinction’ (IUCN 2006). The Amazonian, Antillean and
Florida manatees and the dugong are listed in Appendix 1 and the West African manatee is listed in
Appendix II of the Convention on International Trade of Endangered Species (CITES), which regulates
trade in listed species. In Australia, the dugong is included as a ‘Listed Migratory Species’ and ‘Listed
Marine Species’ under the Commonwealth Environmental Protection and Biodiversity Conservation
Act 1999. Throughout its Australian range, the dugong is also protected under other state/territory
legislation. In Queensland, the dugong is listed as ‘Vulnerable’ under the Nature Conservation Act
1992.
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Dedicated aerial surveys of dugong populations estimate the Australian population to be around 85 000
individuals (Marsh et al. 1999). However, this estimate is likely to be an underestimate because not all
of the dugong’s range has been surveyed. In addition, the aerial survey methodology used to estimate
population size provides estimates of relative, rather than absolute, abundance (although these estimates
probably now approach absolute densities as the survey methodology improves (Pollock et al. 2006)).
While most Australian dugong populations are believed to be stable or are of unknown status, numbers
on the urban coast of Queensland declined significantly between 1960 - 1990 (Marsh et al. 2000, Marsh
2000, Marsh and Lawler 2001, Marsh et al. 2002b, Marsh and Lawler 2007).

1.1. Wildlife spatial ecology: An introduction
Spatial analysis in ecology can be broadly defined as the quantitative analysis of spatially explicit data
(Legendre and Fortin 1989, Dale et al. 2002, Liebhold and Gurevitch 2002, Perry et al. 2002). Most
species forage in spatially complex environments with patchy resource distributions that are often
heterogeneous at a hierarchy of scales. Hence, studies of animal-environment interactions use a spatial
approach. Statistical analysis of spatial structure can reveal non-random patterns related to habitat use,
population dynamics, predation and resource selection; particularly in patchy environments (Wiens
1989, Rettie and Messier 2000, McLoughlin et al. 2002, Perry et al. 2002, Kie et al. 2005).
Advances in spatial theory and modelling have coincided with advances in analytical power, including
software for statistical techniques and geographic information systems (GIS) (Knick and Dyer 1997,
Liebhold and Gurevitch 2002). For example, geostatistical techniques such as kriging have been
developed to estimate values at unsampled locations via interpolation from nearby locations (Royle et
al. 1981, Oliver and Webster 1990). Nearest Neighbour, Moran’s and fractal analysis are examples of
modelling techniques that have been applied to the analysis of spatial data in ecology to infer the
existence of underlying processes, such as movements or responses to environmental heterogeneity
(Moran 1950, Clark and Evans 1954, Milne 1991a, Nams 2005). Spatially explicit individual-based
models are used to analyse fine-scale animal movement behaviours and habitat use (e.g. Morales et al.
2005).
Spatial statistical techniques are powerful conservation management tools for measuring the
relationship between species distribution and abundance and environmental variables (Keitt et al.
2002). Analysis of the relationship between individual animals and their environment at small scales
may enable extrapolation to broader scales and to population levels (Wiens 1989). Spatial analyses can
also identify the scales at which to concentrate management efforts that are biologically meaningful to
the target species (Levin 1992, Dungan et al. 2002, Nams et al. 2006).
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Nonetheless, problems with spatial analyses still exist. For example, habitat investigations tend to
examine large spatial scales rather than local spatial scales, particularly for vertebrates. Accordingly,
the relationship between animals and their environment at the individual level is still poorly understood
(Nilsen et al. 2004). Also, the distribution of an animal and its habitat is typically spatially
autocorrelated (e.g., Morris 1992, Legendre 1993, Turchin 1998, de Solla et al. 1999). In particular, the
frequent location fixes of individual animals collected using satellite telemetry result in highly
autocorrelated datasets (Boyce et al. 2002).
Autocorrelation can interfere with standard statistical hypothesis testing (Cushman et al. 2005) because
it increases the probability of a type I error by inflating the degrees of freedom (Legendre 1993).
Autocorrelation can lead to incorrect conclusions regarding the importance of environmental variables
as determinants of animal habitat use (Alldredge and Ratti 1986, Thomas and Taylor 1990, White and
Garrott 1990, de Solla et al. 1999, Cushman et al. 2005). Removing autocorrelated fixes from the
dataset not only reduces the sample size, but may also limit the biological significance of the analysis
because autocorrelation may provide valuable information about the scale and patterns of animal
behaviour (Legendre 1993, de Solla et al. 1999, Keitt et al. 2002, Calenge et al. 2005). Analyses of
movement patterns should optimise accurate analysis of the dataset while minimising potential
confounding effects. The high-resolution, high sampling frequency of location data acquired from the
GPS telemetry (such as that used in this study) are particularly susceptible to the confounding effects of
autocorrelation. Hence, procedures to mitigate autocorrelation biases are outlined in each chapter that
contains an analysis of the spatial behaviours of dugongs.

1.2. Dugong spatial ecology – what we know…

1.2.1

Dugong movement behaviour

Relatively little is known about seasonal movements, including possible migrations of dugongs. Most
observations have been localised to the vicinity of seagrass beds (Marsh and Rathbun 1990, Preen
1992, de Iongh et al. 1994, 1998, Preen 1999, 2001, Hodgson 2004), although dugongs may move
considerable distances (up to 600 km) between seagrass areas. Dugongs feed extensively on seagrasses
both in the littoral and sub-littoral zones (Heinsohn and Birch 1972, Heinsohn et al. 1976).
Dugong movement is constrained by tidal periodicity and amplitude and by the climate because they
require warm waters and depths of 1 m or more. For example, in Shoalwater Bay, Queensland, where
the peak tidal range can reach up to 8.5 m, dugongs cannot access the intertidal seagrass food resources
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at low tide (Anderson and Birtles 1978, Marsh et al. 2002). In the high latitudes of their range, such as
Shark Bay in Western Australia, dugongs are constrained by seasonal variations in water temperature,
and must undertake movements to warmer waters (Preen 1992, Marsh et al. 1994, Gales et al. 2004).
Time series analysis of aerial survey data suggests long-distance movements of large numbers of
dugongs between habitats within survey regions (Marsh and Rathbun 1990, Marsh et al. 1996, de Iongh
et al. 1998, Marsh and Lawler 2001, Gales et al. 2004, Marsh et al. 2004). Generally speaking, our
current state of knowledge regarding dugong movements is limited to inferences about such large-scale
movements with comparatively little known about smaller, local-scale movements.

1.2.2.

Dugong socio-biology

Anderson (1982a) assessed the social organisation of dugongs as “essentially gregarious, though
frequently solitary”. Preen (1992, 1995a), tracked and observed dugongs herds in subtropical
Queensland, and concluded that dugong herds, although probably highly unstable, are more than
feeding assemblages because dugongs in herds display social interaction, dugong herds persist during
low tide periods and dugongs travel to and from feeding areas in groups. This opinion is corroborated
by similar research conducted on dugongs of East Indonesia by de Iongh (1998). de Iongh believes that
dugong herds are feeding assemblages with loose social interaction, as opposed to fixed herds with
strong social bonds. Research by Hodgson (2004) also suggests social factors play a role in dugong
herd behaviour, although interactions are not believed to be complex because individual dugongs only
spent an average of one minute together as immediate ‘neighbours’ (within three body lengths) of any
other individual.

1.2.3.

Dugong habitat use

Dugongs require warm seas, as evidenced by their tropical and subtropical distribution. Within this
range they favour protected shallow bays, mangrove channels, and the lee of large inshore islands
where the extensive seagrass meadows which comprise their food resource occur (Heinsohn et al. 1977,
Lanyon 1991, Marsh 1995). The essentially tropical nature of this distribution is probably dictated by
the dugong’s presumed low metabolic rate and limited thermoregulatory capacity (Preen 1992).
Nonetheless, dugongs also utilise deeper offshore habitats. Large numbers have been sighted in water
more than 10 m deep in several areas, including Torres Strait (Marsh and Saalfeld 1989, Marsh and
Saalfeld 1991); the northern Great Barrier Reef region (Marsh and Saalfeld 1989, Marsh and Lawler
2002), and Hervey Bay in south-east Queensland (Marsh et al. 1990, Marsh and Lawler 2001). In one
instance animals were sighted in 37 m of water, up to 58 km from the shore (Marsh and Saalfeld 1989).
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In these locations they may forage for deeper seagrass species such as Halophila spinulosa, Halophila
ovalis, and Halophila decipiens (Lee Long et al. 1993, 1996).
Dugongs seem to possess limited diving ability relative to other marine mammals (Marsh et al. 1978,
Preen 1992, Chilvers et al. 2004), thus limiting their habitat use to relatively shallow inshore areas – or,
conversely, because their food resources generally exists in shallow waters there has been no
evolutionary pressure to develop the ability to dive deeply. The extent of dugong diving ability has yet
to be quantified adequately. For instance, a dugong fitted with a timed-depth recorder in Moreton Bay,
Queensland, made a dive to 39.8 m (Lanyon unpublished data), and dugong feeding trails have been
recorded to depths of 33 m (Lee Long et al. 1996). Seagrasses have been found to depths of 58 m in the
Cairns and Far North sections of the Great Barrier Reef (Lee Long et al. 1996), hence, deep-water
habitat use (> 20 m) by dugongs may be greater than previously thought. The diving ability of dugongs
is unlikely to constrain their dietary intake, as light attenuation limits most seagrasses to relatively
shallow waters (< 30 m; Duarte 1991) and plant biomass is generally greatest in water < 10 m deep
(e.g., Coles et al. 1987). Therefore, the diving behaviours and daily time budgets of dugongs may be
primarily constrained by their obligate specialist herbivore lifestyle, rather than by diving ability per se
(Chilvers et al. 2004).

1.3. Dugong spatial ecology – what we need to know…
The spatial behaviour of terrestrial grazers in heterogeneous landscapes is still poorly understood
(Turchin 1991, Morales and Ellner 2002, Morales et al. 2005). Information on the foraging behaviours
of wild dugongs is even more limited because research is constrained by prohibitive technological,
logistic and economic challenges. Dugongs are relatively inaccessible in the wild and difficult to
observe directly. Information on marine mammal behaviours must often be acquired remotely using
sophisticated and expensive technologies, such as dive recorders and satellite telemetry. The marine
environment is typically harsh on equipment, and marine mammals often inhabit remote areas far from
urban centres and logistical support. Accordingly, marine mammal fieldwork requires robust equipment
as well as considerable technical experience, planning and patience.
Habitat selection by dugongs is beginning to receive greater attention by managers and ecologists, but a
model capable of predicting habitat choices by dugongs based on the attributes of those habitats is
lacking. Information is needed on dugong spatial patterns, including movement behaviours and habitat
use, across domains of scale. Information is needed on: (1) the species composition, nutrient profile and
structure of the individual seagrass patches that foraging dugongs select at local scales (< 10 km2); (2)
the seagrass patches that dugongs avoid; (3) the characteristics of the seagrass meadows that dugongs
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select as pasture habitat at landscape-scales (10 – 10 000 km2), including both the biological and
physical variables that drive and limit individual foraging patterns and population dynamics; (4) how
dugongs move along coastlines between core habitats at regional-scales (> 10 000 km2). Finally, a
summary of dugong movement behaviours and habitat use across scales is needed to address dugong
spatial patterns within a cohesive management strategy.

1.4. Research aims and hypotheses

1.4.1.

Primary research aims:

My primary aims were to investigate the factors driving the large and fine-scale spatial behaviour of
dugongs and to identify and describe their feeding preferences, resource use and potential foraging
strategies at multiple scales. Because dugongs are seagrass specialists (Marsh et al. 1982),
understanding the interaction between dugongs and their food supply is crucial to their conservation
because any degradative impacts on the seagrass meadows that dugongs depend on for food will have
direct negative impacts on dugong populations. I aimed to determine whether dugongs select seagrass
on the basis of its nutrient content. I hypothesised that the distribution of quality seagrass food
resources is the main driver of dugong spatial patterns. I aimed to model and map dugong habitat use in
the inshore waters of the Great Barrier Reef and adjacent Hervey Bay at local (< 10 km2), landscape (10
– 10 000 km2) and regional (> 10 000 km2) scales. I aimed to use hierarchical scales of spatial analyses
to assess the relative importance of different seagrass meadows and parts of meadows to dugongs at
scales that are suitable for informing policy on the management of human activities, including boating,
aquaculture and commercial gill netting.

1.4.2.

Central research hypotheses:

My general hypothoses were as follows: (1) Dugongs forage like terrestrial mammalian grazers in that
they prefer habitats where their intake of energy and/or nutrients (i.e. foraging efficiency) is greatest;
(2) patterns of dugong movements and habitat use across spatial scales are intimately linked to the
availability and distribution of quality (high nutrient concentrations, low fibre) seagrass forage.

1.5. Research objectives and thesis structure
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A schematic diagram of the structure of this thesis is provided in Figure 1.1. This schema will be
repeated at the beginning of each chapter to provide the reader with quick reference of the location of
the chapter within the conceptual framework of my thesis. To facilitate ease of reference all tables are
included at the back of each chapter on coloured paper.
In Chapter 2: Resource use and foraging in large mammalian grazers:
A review within the context of dugong/seagrass ecology, I review the role of dugongs as large
primary consumers of tropical and subtropical seagrass communities and discuss how dugongs interact
with and modify the diversity, structure, and dynamics of seagrass ecosystems. I describe the current
state of knowledge of large mammalian grazing herbivore ecology, habitat use and foraging strategies. I
draw comparisons between dugongs and analogous terrestrial large mammalian grazing systems and
identify the key issues for understanding dugong foraging ecology and improving dugong conservation
management within a spatial context.
The dugong is a charismatic species under increasing threat from human activities. More information
on dugong behaviour is urgently required to design and implement effective management strategies.
Remotely acquired data from satellite tags attached to wild dugongs provide invaluable information on
dugong movement behaviours and habitat use. However, deployment of telemetric equipment on
dugongs is not without risk; both to the animal and to field personnel and equipment. In Chapter 3:
The Hervey Bay Study Site and Methods for the Capture, Tagging and Tracking of Wild
Dugongs, I describe my Hervey Bay study site and outline the handling procedures and equipment used
to safely deploy satellite tags on 70 dugongs along the coast of Australia without incident.
Many large terrestrial mammalian grazers perform some kind of large-scale movement. Reasons for
such moves may include spatial variability in the availability of essential resources such as mates, food
and warm water as well as avoidance of predation. Aerial survey data and early satellite tracking of
dugongs in the Australian tropics confirmed that at least some individuals undertake large-scale
movements at regional scales. However, these early studies provided limited information on the nature
of such movements, because of the limitations of the data or the instrumentation. In Chapter 4:
Movement heterogeneity of dugongs, Dugong dugon (Müller) over large spatial scales, I
investigate the behavioural mechanisms that produce dugong large-scale distribution and movement
patterns by reporting the unpublished results of earlier satellite tracking combined with new data I
collected using GPS telemetry, of a total of 70 dugongs in sub-tropical and tropical waters of
Queensland and the Northern Territory, Australia.
Defining key habitats is one of the most important topics of sirenian research. Information is required
on the composition and configuration of the specific seagrass meadows that dugongs target.
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Understanding the spatial dynamics and nutrient characteristics of seagrass communities is essential for
predicting patterns of habitat use by selectively feeding dugongs and for the effective management of
seagrass resources. Rapid and economical techniques have recently been developed with improvements
in remote sensing, Near Infrared Spectroscopy and GIS. The aim of Chapter 5: Seagrass as pasture
for seacows: landscape–level dugong habitat evaluation, is to use these techniques to quantify, at a
landscape-scale resolution appropriate to foraging decisions made by individual animals, the
composition and configuration of the seagrass community in a pasture used intensively by dugongs.
The role of the physical environment in shaping the spatial patterns of large grazers has been well
studied for terrestrial mammals but not for sirenians. Continuing the local-scale perspective of dugong
space-use introduced in Chapter 5, I investigate the effects of physical habitat variables on dugong finescale movement patterns in Chapter 6: Physical habitat correlates of the behaviour of a marine
mammal grazer: the effects of tidal and diel cycles on dugong space use. From an analysis of the
space-use of dugongs at local-scales within both inshore/intertidal and offshore/subtidal habitats I
present an overview of the role of the physical environment in determining dugong spatial behaviours
across the tidal and diel cycles.
If dugong foraging can be described using classical models of optimality, then the use of seagrass
patches by dugongs should be highly correlated with the availability of quality forage. In Chapter 7:
Food Resource Selection by a Large Marine Mammal Grazer: The Influence of Diel and Tidal
Cycles on Dugong Foraging, I determine whether a relationship exists between dugong association
with specific seagrass species and habitats that correlate with seagrass nutrient content at a local-scale.
To test dugong habitat preference and infer the use of foraging strategies, I examine the resource use of
dugongs grazing within a patchy seagrass pasture identified from telemetric data and spatial statistical
modelling to constitute important dugong foraging habitat.
Dugongs present a management challenge because their patterns of movement behaviour and resource
use confound efforts to delineate and safeguard important dugong habitat. In Chapter 8: Conservation
management of dugongs across hierarchical scales of habitat use, I provide recommendations for
enhancing the effectiveness of management strategies designed to conserve this flagship umbrella
species. My management recommendations are based on the improved understanding of dugong
movement behaviours and resource use across spatiotemporal domains of scale attained from my
research. I outline the management implications of my research findings and provide examples of how
my research has directly enhanced the ecological basis for the conservation management of dugongs
across hierarchical scales of habitat use.
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Figure 1.1: Schematic diagram of thesis structure. This schema will be repeated at the beginning of
each chapter to provide the reader with quick reference of the location of the chapter within the
conceptual framework of my thesis. The position of the chapter within the thesis will be indicated
with the following marker:

11

CHAPTER 2.
Resource use and foraging in large mammalian
grazers: A review within the context of
dugong/seagrass ecology

Dugongs are large primary consumers of tropical and subtropical seagrass
communities, and thereby shape the diversity, structure, and dynamics of these
extensive ecosystems. To forage successfully, a large grazing mammal must know:
(1) how to forage; (2) when to forage; (3) what to forage for, and; (4) where to forage.
In this chapter I review the grazing systems of large terrestrial grazing mammals and
identify the key question for dugong foraging ecology as: How do individual dugongs
and herds adjust their foraging behaviour in response to the characteristics and
distribution of their seagrass food resources?
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2.0.

Herbivore nutritional ecology and diet selection

Herbivores play a central role in plant community dynamics. Herbivore behaviour and plant
community dynamics can be linked through their reciprocal influence on each other. The
interactions between the behaviour of an herbivore and its environment can have a profound
effect on the environment and on the productivity and fitness of both the animals and the
plants. Central to the study of herbivore ecology is the use an animal makes of its food
resources. The quantification of associations between an herbivore and its food is particularly
important for the conservation of a vulnerable species. The study of the relationships among
diet, feeding structures and digestive physiology in herbivores has been termed nutritional
ecology (Foley and Cork 1992, Cork 1994), and is central to our understanding of herbivore
activity patterns, demography, and distribution (Clutton-Bock and Harvey 1983, Foley and
Cork 1992, Cork 1994, Choat and Clements 1998).
For herbivores, the effects of food quality on nutritional status can outweigh those of food
quantity (Owen-Smith and Novellie 1982, Owen-Smith 1990). Even though the quantity of
food available to herbivores at any one time may seem far from limiting, plant material is
typically of low quality: high in fibre and low in protein. Plants may also be chemically
defended. Consequently, much of the plant material that is apparently available as food is not
of sufficient quality to be considered part of the food resource.
Plant nutritional quality plays a central role in determining herbivore feeding patterns in
numerous terrestrial communities and the availability of quality food resources directly
determines the carrying capacity of a habitat for herbivores (e.g., Onuf et al. 1977, Slansky
and Feeny 1977, Coley 1983). Thus, the nutritive value of an herbivore’s food is a primary
determinant of the quality of a particular habitat type (Klein 1970, Clutton-Brock et al. 1982,
Crawley 1983, McNaughton and Banyikwa 1995, Manseau et al. 1996, Wallis de Vries 1996).
The process of diet selection by herbivores determines which plants are consumed, as well as
the habitat in which they are eaten and the timing of consumption. Diet selection governs the
time and activity budgets of herbivores, their physiological condition, growth rates, and
potential reproductive and survival rates. Diet selection involves obtaining maximal quality
and adequate quantity within an herbivore’s total intake. Since most of an herbivore’s
available food material is of low nutritive value, selection for quality is typically at the
expense of quantity (Demment 1982, Hanley 1982, Owen-Smith and Novellie 1982, Belovsky
1984a, Senft et al. 1987, Milne 1991b).
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2.1. Grazer spatial ecology and foraging strategies
Grazing ecology is the analysis of the biotic and abiotic influences on the grazing process.
Grazing usually refers to the process of complete or partial removal of the living or dead
above-ground parts of herbaceous plants (Hodgson 1979), and grazing ecology aims at
understanding interactions and interrelationships of the plant-animal interface (Heady and
Child 1994, Shankar and Singh 1996). Because grazers often have to choose their diet from
among a set of alternative resources, their food preferences often change to match changes in
the environment (Emlen 1966, MacArthur and Pianka 1966, Pulliam 1974, Mitchell 1990).

2.1.1.

Foraging challenges

The efficient exploitation of available food resources is a vital requirement for all animals
(Emlen 1966). Herbivores may select food and foraging habitats in order to maximise their
intake rate of nutrients and/or energy, and preferentially feed on nutrient-rich plants and plant
parts. Foraging is the process by which individuals gather nutrients and energy under
“constraints imposed by their functional anatomy, time, and the external environment”
(Kohlmann and Risenhoover 1994). Foraging behaviour provides the mechanistic link
between a species’ performance and its food resources. The relationship between foraging
behaviour and the abundance and distribution of food is seen by many as being fundamental
to an herbivores’ fitness (Stephens and Krebs 1986, Owen-Smith 1994, Gordon and Illius
1996).
Foraging efficiency may play a major role in the distribution of both individual animals and
populations of free-ranging herbivores (Langvatn and Hanley 1993). Foraging efficiency is
the attainment of greater nutritional currency for less foraging effort (time and/or energy
expenditure). If an animal can improve its foraging efficiency it will be better able to build up
the nutrient reserves required to increase its fitness (e.g. via greater reproduction and
enhanced resistance to disease). Foraging efficiency is typically measured in terms of some
limiting nutrient, most commonly energy, but sometimes protein or minerals.
Much of the literature on grazer foraging considers animals that feed in a world characterised
by large areas of non-food interrupted occasionally by patches of food (for reviews, see
Parsons et al. 1994, O'Reagain and Schwartz 1995, Searle et al. 2005). In other words, grazer
foraging consists of feeding within food patches, interspersed with movements through
regions where food is absent (Senft et al. 1987, Owen-Smith 2002). Alternatively, some
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grazers move through an environment that is nearly all food, albeit food of differing density
and nutrient quality (see studies by Arditi and Dacorogna 1988, Ungar and Noy-Meir 1988,
Gordon and Illius 1989).

2.1.2.

Coping with food patchiness

Foraging strategies arise when grazers seek sufficient energy and nutrients to survive and
reproduce in an environment characterised by high spatiotemporal variability (Provenza and
Balph 1990, Laca and Demment 1996). The distributions of mammalian grazers appear to
result from foraging decisions and processes made at a variety of spatial and temporal scales
(Edwards et al. 1994, Bailey et al. 1996). Grazer food resources vary in quantity, quality,
species composition, and distribution, both within and between natural habitats. Despite the
foraging challenges inherent in heterogeneous food habitats, a central feature of grazing
ecosystems is the close association between herbivores and the spatial pattern of high-quality
herbage (Frank et al. 1998). The diet that grazers extract from variable environments is
seldom random (Edwards et al. 1994).
Grazers in patchy habitats must modulate their movement between food patches in order to
exploit quality resources efficiently (e.g., Green 1984, Walsh 1996, Olff et al. 1997). There is
usually a proportional relationship between the time large grazers spend in a habitat patch and
the available quantity and quality of forage (Bailey et al. 1996). In other words, when
foraging within a patchy habitat, a grazer must decide when to abandon its currently depleting
food patch in favour of searching for one which is nutritionally richer (Ollason 1980, Valone
1993, Searle et al. 2005).
Charnov (1976) introduced the marginal-value theorem to explain forager movements
between food patches. The marginal-value theorem predicts that short-term intake rate is
maximised by an animal leaving a patch when the marginal net rate of energy gain in the
patch is equal to the expected average rate for the environment (Parker and Stuart 1976,
Charnov 1976, Cowie 1977, Green 1984, Jiang and Hudson 1993, Shipley and Spalinger
1995, Olff et al. 1997, Searle et al. 2005). An animal that stays in the patch after this time
gains less energy per time unit than it could get elsewhere (Olff et al. 1997). If an animal can
do better elsewhere it should leave; otherwise it should stay where it is (Pyke 1983).
Moreover, the decision to leave a patch and select a new patch is also weighed against the
expected rate of return at other patches, and the energetic cost of moving to another patch
(Senft et al. 1987).
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2.1.3.

Foraging optimally

Changes in foraging behaviour as a function of the spatiotemporal distribution and abundance
of food resources will affect foraging efficiency. The recognition of this aspect of foraging
behaviour has led to the development of optimal foraging theories (Schoener 1971, Pyke
1984). According to the principles of natural selection a foraging grazer must try to maximise
its fitness in addition to satisfying its nutritional requirements (Mensel and Wyers 1981). If
different behavioural patterns result in different foraging efficiencies, then natural selection
should favour those individuals that demonstrate the most efficient foraging behaviours. Thus,
differential survival and reproduction is believed to be the mechanism by which foraging
strategies evolve (Moen et al. 1997).
Optimal foraging models relate fitness (survival and reproduction) to particular decisions in
order to identify the basis for the foraging behaviour of animals (Schmitz 1992). Optimal
Foraging Theory generally assumes that: (1) animal fitness is related to foraging behaviour;
(2) foraging behaviours are heritable, and; (3) a currency (usually energy captured per unit
time) can be identified to link foraging behaviour with fitness (Pyke 1984, Stephens and
Krebs 1986, Demment and Greenwood 1988, Bailey et al. 1996). The axiom is that, because
animals that forage more efficiently have greater reproductive output (fitness), present-day
animals forage optimally as a result of natural selection (Krebs and McLeery 1984, Laca and
Demment 1996).
Optimal Foraging Theory provides a method for generating clear predictions about patterns of
foraging behaviour in particular foraging situations (see Pyke et al. (1977) and Pyke (1984)
for reviews). Optimal Foraging Theory provides a convenient functional approach for
examining grazing behaviours such as diet selection, patch selection, and inter-patch
movements (Schoener 1971, Pyke 1984). To optimise foraging, herbivores select habitats and
food items in a hierarchical way (Emlen 1966, MacArthur and Pianka 1966, Senft et al. 1987,
Kie 1999, Skarpe et al. 2000). If an animal’s choice of habitat may be regarded as an
optimisation process, and if food acquisition is the primary determinant of habitat selection,
then the optimal allocation of time to habitat patches must maximise the net rate of energy or
nutrient uptake (MacArthur and Pianka 1966, Krebs et al. 1974, Charnov 1976, Lewis 1980).

2.1.4.

Foraging in groups
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Many large mammalian grazers forage in groups. Grazers commonly adjust their densities
and resource utilisation patterns with regard to the nutritional payoff of the resource,
aggregating where that payoff is high and dispersing from areas where that payoff is low
(Hamilton and Watt 1970, Wiens 1976, McNaughton 1984). Hypotheses on the selective
value of group foraging have been summarised by Schoener (1971): (1) the group may hinder
feeding, but there is some overriding advantage to gregariousness; (2) animals aggregate in
proportion to the concentration of food and group size per se may be of neutral selective
effect; (3) groups allow animals to feed more efficiently.
Gregariousness in grazing animals may increase foraging efficiency by modifying vegetation
structure to increase food (or nutrient) yield per bite to the individual grazer in a herd
(McNaughton 1984, Preen 1992, Preen 1995b). Just as plant food affects the performance of
herbivores, so herbivore feeding affects the food quality of plants and large grazers may
actually modify vegetation structure so that they increase their foraging efficiency (Crawley
1983, Frank et al. 1998, Aragones et al. 2006). Aggregation may be adaptive because
vegetation is maintained more readily at early seral-stages and low biomass by high-density
aggregations of foragers – the plants that recolonise freshly grazed habitat are typically more
nutritious than climax species. Hence, aggregated herbivores might benefit from increased
forage quality by maintaining vegetation at an immature growth stage (McNaughton 1984,
1986, Hobbs and Swift 1988, Fryxell 1991). Gregariousness may also increase the proportion
of a grazer’s time budget that can be devoted to foraging (McNaughton, 1984). Group
foragers are able to avoid predation better than solitary individuals. An individual in a group
can be less vigilant and can spend more time foraging because a predator is less likely to
approach a group undetected (Lima and Dill 1990, Quenette 1990, Valone 1993, Lima 1995,
Kie 1999).

2.2. Foraging constraints
Constraints are crucial to foraging models and are the formal expression of the foraging
abilities of the animal. Constraints define the relationship between decision variables and
foraging currency (i.e., energy/nutrients). Constraints are all the factors that limit the
acquisition of the foraging currency. Constraints have been used explicitly to model forage
intake in many large mammalian grazers (Pyke 1984, Illius and Gordon 1991, Newman et al.
1995, Laca and Demment 1996, Iason et al. 2000, Wilmshurst et al. 2000). Constraints may
be imposed by internal factors such as food requirements and digestive processing capacity.
Constraints may also result from external factors such as rates of encounter with, and
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consumption of, quality food plants (Belovsky 1986, Spalinger and Hobbs 1992, Owen-Smith
1993). The budgeting of time and energy is also an important constraint, since resources other
than food are also necessary for the maximisation of fitness (e.g. mating behaviour such as
leking, avoidance of predation).
Abiotic factors such as altitude and climate are the primary determinants of large-scale
distribution patterns of large terrestrial herbivores and act as constraints within which
mechanisms involving biotic factors operate (Senft et al. 1987). Abiotic constraints must also
be combined with responses resulting from biotic factors (e.g., forage quantity and quality) to
predict grazing distribution patterns adequately (Mueggler 1965, Senft et al. 1987, Bailey et
al. 1996). For large mammalian grazers the basic physiological constraints generally
considered by Optimal Foraging Theory are: (1) food intake, dependent on foraging time and
intake rate while foraging; (2) digestive processing, dependent on gut capacity and turnover
rate of gut contents; (3) metabolic requirements for energy and specific nutrients; and (4)
thermal tolerance (Owen-Smith 1994, 1997).
Temporal heterogeneity (e.g., seasonal weather patterns and plant successional change) is
another key factor affecting foraging patterns in herbivores. Mammalian grazers have evolved
a variety of foraging, metabolic and digestive strategies in response to the seasonal variability
of their food resources (O'Reagain and Schwartz 1995). Grazers are subject to a continually
changing pattern of food resources. At times, food resources are inadequate to meet the
animal’s metabolic requirements, even for maintenance. At other times, food is plentiful and
energetic gain depends largely on the animal achieving as high an intake as possible (Freer
1981).
Grazer foraging can be predicted for two alternate objectives: maximising total capture of
energy/nutrients, or minimising the time spent feeding (Schoener 1971). A foraging timeminimiser attempts to satisfy its energy/nutrient demands in the least amount of time;
presumably because more time can be spent in other activities (e.g., mating, offspring care,
etc), and less exposure to predators and adverse environmental conditions (e.g. cold
temperatures) increases fitness more than does greater ingestion of energy/nutrients (Belovsky
1986). Alternatively, an energy/nutrient maximiser achieves greater fitness by obtaining more
of the nutritional requirements for reproduction and survival when food is in short supply than
by spending time in non-foraging activities (Belovsky 1986). The profitability of pursuing an
item depends on the ranking of its yield/time compared with those of other foods encountered
(Schoener 1971, Westoby 1974).
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2.3. Limitations of classic foraging theory
Foraging theory offers a powerful theoretical basis and framework for studying the foraging
strategies of large grazers. Nonetheless, there are criticisms of Optimal Foraging Theory
modelling, including: (1) its lack of holism; (2) its lack of attention to phylogenetic
constraints, and; (3) the role that appropriate models play in predicting behavioural responses.
There is much debate as to whether animals are capable of adopting the strategies predicted
by Optimal Foraging Theory (see: Belovsky 1986, Stephens and Krebs 1986, Pierce and
Ollason 1987, Belovsky 1990, Hobbs 1990, Owen-Smith 1993, Belovsky 1994, Owen-Smith
1994, Laca and Demment 1996, Owen-Smith 1996, Kie 1999). Observed behaviour often
does not fit the predictions of optimal foraging models (Illius and Gordon 1990, Illius and
Gordon 1993, Focardi et al. 1996). Classical Optimal Foraging Theory models (Stephens and
Krebs 1986) assume that foragers select their diets on the basis of mean nutrient intake rate
and that variation in nutrient intake rate is negligible or unimportant (Caraco 1980, Stephens
and Krebs 1986). This assumption is now considered unrealistic for animals in natural
environments (Schmitz 1992).
Another potential limitation of Optimal Foraging Theory is the inappropriate extrapolation of
results from small to broader scales of space and time (Laca and Demment 1996). Natural
selection varies over time and current behaviours may reflect past conditions and not current
pressures (Gould and Lewontin 1979). The application of Optimal Foraging Theory
approaches to herbivore foraging depends critically on identifying an appropriate scale and
currency (e.g., time or energy), but little information is usually available upon which to base
these decisions (Senft et al. 1987, Bailey et al. 1996). Definition of habitat patches and
nutritional currencies is often arbitrary and may or may not correspond to the way animals
perceive their habitat. Different grazer foraging patterns are displayed at different scales,
however, the concept of spatial scale as an important determinant of foraging selectivity and
habitat utilisation has only recently been recognized (Allen and Starr 1982, Senft et al. 1987,
Wallis de Vries et al. 1999). Few studies have examined foraging behaviour at multiple scales
(Senft et al. 1985, Ward and Saltz 1994, Wallace et al. 1995, Hobbs 2003), even though large
foraging herbivores appear to respond to heterogeneity at multiple scales (Bailey et al. 1996).
Dugongs are large grazing mammals that are highly vagile. Hence, I analysed dugong
foraging behaviour across a range of spatial scales; from the local scale (< 10 km2) of core
seagrass habitats up to the regional scales (>10 000 km2) that dugongs move between habitats.
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Perhaps the greatest criticism of Optimal Foraging Theory is that natural selection may be
acting largely on behaviours other than foraging, such as predator avoidance. Behavioural
ecologists have long recognized that herbivores use some form of decision process in
choosing what to do at any particular time and the risk of predation often plays an important
role in that process (McFarland 1977, Krebs 1980, Mangel and Clark 1986, McNamara and
Houston 1987, Abrams 1991, 1993, Sinclair and Arcese 1995). In response to the criticisms of
Optimal Foraging Theory models, some authors argue that these concerns can be addressed
by simply refining the constraints and by integrating animal state with behaviours other than
foraging (Kie 1996), which may also help identify areas of foraging behaviour that need
further investigation (Kie 1996, Laca and Demment 1996).

2.4. Marine mammal grazers – seacows grazing seagrass meadows
Advances in large mammal grazing ecology and foraging theory have suffered from a
terrestrial bias, with most investigations applying land-based models. Much of our
understanding of the nutritional ecology of large mammalian grazers has been gleaned from
agricultural research (for reviews see Senft et al. 1987, Coughenour 1991, Demment and Laca
1994, Bailey et al. 1996, Hobbs 1996). Inclusion of an aquatic perspective has the potential to
significantly enhance our understanding of mammalian grazer ecology. For example, the
robustness of foraging models developed from terrestrial grazing systems (e.g., patch leaving
strategies, reviewed by Searle et al, 2005) could be validated by testing whether marine
grazers exhibit the same behaviours as terrestrial grazers within the context of their marine
habitats.
Sirenians are large marine mammal grazers and are ideal species for testing herbivore
foraging theories because they graze patchily distributed plants with nutritional quality low
enough to constrain consumption. It is likely that sirenians have developed foraging strategies
to cope with the high spatiotemporal stochasticity and nutritional variability of their food
plants. Hence, the robustness and utility of grazing models designed from studies of terrestrial
mammals can be further tested and calibrated using sirenians as aquatic analogues.

2.5. What we know about dugongs as large marine grazers
2.5.1.

Dugong food resources
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Dugongs are primary consumers and seagrass specialists (Heinsohn and Birch 1972, Marsh et
al. 1982, André and Lawler 2003). Marine algae are also consumed (Annandale 1905,
Hirasaka 1932, Mani 1960, Spain and Heinsohn 1973, Marsh et al. 1982), although algae is
probably only eaten in large amounts when seagrasses are scarce (Preen 1995b). Evidence
from stomach analyses of dugongs suggest that algae can become an important component of
the diet following periods of large-scale seagrass dieback as a result of extreme climatic
perturbation (Spain and Heinsohn 1973, Preen and Marsh 1995). Invertebrate animals are
sometimes taken, e.g., crabs (Hirasaka 1932), hydroids, holothurians and ascidians (Spain and
Heinsohn 1973), and hydroid thecae (Wake 1975). Invertebrates are probably eaten
incidentally with seagrasses rather than being specifically sought (Heinsohn et al. 1977,
Marsh et al. 1982), although Anderson (1989) and Preen (1995a) obtained evidence that
dugongs may deliberately forage for macro-invertebrates near the southern limits of their
range in both western and eastern Australia. It is currently uncertain whether or not dugongs
actively target macro invertebrates in more tropical regions (Marsh et al. 2002).
Seagrasses, the preferred food of dugongs, are marine angiosperms that occur in dense
meadows along shallow coastal waters throughout the world, except Antarctica. All
seagrasses are monocotyledons and are the only fully submerged vascular plants (Kenworthy
et al. 1988). Worldwide, there are two families of seagrasses, Potamogetonaceae and
Hydrocharitaceae, within which exist 12 different genera, and approximately 57 species
(Phillips and Menez 1988, Kuo and McComb 1989, Larkum and den Hartog 1989). Over 30
species are found in Australian waters (Poiner and Roberts 1986, Walker and Prince 1987,
Waycott et al. 2004), with eight genera and 14 species found in coastal northeastern
Queensland (Lee Long et al. 1993, Carruthers et al. 2000, Coles et al. 2000, Waycott et al.
2004). Seagrass communities form extensive benthic meadows that are among the most
dynamic ecosystems in the world, with high primary productivities that rival cultivated crops
(Thayer et al. 1975, Thayer et al. 1984, McRoy 1996). Seagrass biomass can be extremely
large (up to 8100 g dry weight m-2 , Hillman et al. 1989), and seagrasses can form dense
swards across large areas (e.g., 4000 km-2 in Shark Bay, Western Australia, Larkum et al.
1989); 17 000km-2 in Torres Strait (Sheppard et al. in press-a).
Seagrass communities are dynamic at both spatial and temporal scales (Clarke and Kirkman
1989) and dugongs must cope with the highly stochastic and unpredictable nature of their
food resources. Abiotic and biotic parameters such as temperature (e.g., Kirkman 1985,
Bulthius 1987), water turbidity and light (e.g., Dennison 1987, Zieman et al. 1989, Duarte
1991, Abal et al. 1994), salinity (e.g., Walker 1985), exposure periodicity (e.g., Fonseca and
Kenworthy 1987), substrate and nutrient availability (e.g., Short 1987, Erftemeijer and
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Middleburg 1993, Roder 1995), and herbivory (Preen 1992, Preen 1995b, Aragones 1996,
Aragones et al. 2006) determine the spatiotemporal distribution and abundance of seagrasses.

2.5.2.

Dugong nutritional ecology and feeding processes

The distribution of quality seagrass food is likely to affect the individual fitness and
population growth of dugongs by determining the energy or nutrient balance of reproductive
females (Boyd et al. 1999, Kwan 2002). Several authors suggest that dugongs prefer lower
seral stage or pioneer species such as Halodule uninervis and Halophila ovalis (Gohar 1957,
Heinsohn and Birch 1972, Lipkin 1975, Johnstone and Hudson 1981, Marsh et al. 1982, Preen
1992), and dugong diet selection is believed to be governed by the nutrient and structural
composition of their food plants (Lanyon 1991, Aragones 1996, André and Lawler 2003,
Aragones et al. 2006). The most frequently selected seagrass species are lowest in fibre and
highest in available nitrogen and digestibility (Lanyon 1991, Aragones 1996). However,
selection for food plants by dugongs based on nutrient quality must also be tempered with
food availability (see Anderson 1998, André and Lawler 2003).
Dugongs, like terrestrial mammalian herbivores, spend a considerable proportion of the diel
cycle engaged in feeding activities (Anderson and Birtles 1978, Chilvers et al. 2004). Preen
(1992) and Aragones (1994) estimated that each dugong eats about 20 – 40 kg of wet weight
seagrass per day. Chilvers et al. (2004) consider that over 67 % of dugong dives can be
characterised as foraging dives, out of a total minimum estimated daily foraging budget of
around 8.2 hr. This estimate is low compared with the overall proportion of foraging time
spent feeding by terrestrial grazing ungulates (80 – 90%: Owen-Smith 2002), and may be an
attribute of different efficiencies in dugong diet selectivity, intake, and digestion, or an
artefact of the technology used. Anderson and Birtles (1978) and Anderson (1982b) believe
that where dugongs are undisturbed by anthropogenic activities, and where tides permit,
periods of feeding and idling alternate throughout the diel cycle, although this assertion
requires further investigation (see also Hodgson 2004).
Dugongs are prevented from highly selective feeding by their wide muzzles (22 cm: Spain
and Heinsohn 1975) and by their mode of feeding along serpentine feeding trails during a
dive (Wake 1975, Preen 1995b). Usually the whole seagrass plant, including both leaves and
rhizomes, is excavated during the feeding process. Sometimes only the leaves are cropped,
especially in more fibrous species such as Amphibolis, the roots and rhizomes of which are
unavailable to a dugong because the animal cannot root up the entire plant (Marsh et al. 1982,
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Anderson 1982b, Preen 1992, Marsh et al. 1999a). Wake (1975) found that on the average 63
% of the seagrasses were removed from feeding trails, although up to 86 % removal occurred
in some. Anderson and Birtles (1978) estimated the efficiency with which dugongs removed
seagrass in their study as 58.6 to 78.2 %. Preen (1992) recorded seagrass removal efficiencies
of 86 % for shoots, 91 % of above-ground biomass, 59 % of the rhizome biomass and 25 % of
the root biomass, although these differences are likely attributable to variation between
seagrass species and substrates. The grazing activities of dugongs consuming seagrass species
produce feeding trails from 11.8 to 26 cm wide and from 0.3 to 8 m in length, depending upon
seagrass densities and substrate composition. These trails are usually dug to a depth of 3 – 5
cm (Heinsohn et al. 1977, Anderson and Birtles 1978, Preen 1992). It is not known whether
the depth of dugong feeding trails varies with seagrass species or substrate type. It is also
unknown if the maximum depth of feeding trails is affected by the availability of seagrass
rhizomes.

2.5.3.

Dugong foraging dynamics

From my analysis of the challenges facing terrestrial grazers, it becomes apparent that
dugongs must also confront complex foraging decisions. A dugong foraging in a seagrass
ecosystem must contend with high spatiotemporal variation in the quality, quantity, and
availability of their food resource. For example, not only does the nutrient content of
seagrasses (e.g. starch and nitrogen) vary spatially, it also varies seasonally as a result of
changes in day length (light intensity), water temperature and salinity (Birch 1975, Bjorndal
1980, Dawes and Lawrence 1980, Hocking et al. 1981, Hillman et al. 1989, Sand-Jensen
1989, Lanyon 1991, Aragones 1996, Aragones et al. 2006). Because choice of grazing patch
determines the quantity and quality of available food and, therefore, the animal's time budget,
nutritional status and fitness, choice of grazing patch must be of major concern to dugongs.
Direct observations, previous tracking studies and large-scale aerial surveys have shown that
dugong distribution patterns vary temporally, both during a day and over long periods of time
(Marsh and Saalfeld 1989, Anderson 1994, Hodgson 2004). Dugong distributions are
consistently patchy. Consequently, different patches of the same type of seagrass habitat are
probably utilised to quite different extents even when in relatively close proximity (hundreds
of metres to kilometres), and foraging dugongs probably follow some form of patch departure
rule for moving between patches. Seagrass meadows typically form large, distinct surfaces
that are heterogeneous in species and nutrient composition. A foraging dugong must travel
both within and between these heterogeneous food patches.
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Preen (1992, 1995b) demonstrated that intensive grazing by dugongs can influence the
demographics and community composition of seagrass meadows. Grazing disturbance alters
the net above-ground biomass productivity of tropical seagrasses and changes their
community structure, by modifying species abundance and composition and short-circuiting
the detrital cycle (Aragones and Marsh 2000, Aragones et al. 2006). Dugongs remove most of
the plant biomass when feeding and recovery is initially by faster growing, lower seral stage
seagrasses (e.g., Halophila and Halodule sp.) which seem to be the preferred food species of
dugongs (Marsh et al. 1982, Preen 1992, Preen 1995b, André and Lawler 2003). If the area is
disturbed again sooner than slow growing species (such as Zostera) can establish, these more
slower growing, fibrous varieties may be excluded. Hence, this ‘cultivation grazing’ by
dugongs can alter the species composition, age structure, and the nutrient profiles of seagrass
meadows (Preen 1995b, Aragones and Marsh 2000, Aragones et al. 2006). As a result,
relatively high biomass, climax communities can be converted to low-biomass pioneer
communities. This change in species culminates in a meadow-wide increase in nitrogen
concentrations and decrease in fibre concentrations (Preen 1992, 1995b). There is also
evidence that dugong grazing aerates the sediment and buries seagrass detritus, increasing
both sulphate reduction and nitrogen fixation in the sediment. Sediment turnover provides
more nutrients for seagrass regrowth, elevating the nitrogen and phosphate content of
seagrasses for future grazing (Perry 1998).

2.5.4.

Dugong foraging constraints

Understanding dugong-seagrass interactions requires knowledge of the physical and
biological constraints affecting dugong foraging. Bathymetry is a primary abiotic determinant
of dugong grazing distribution patterns observed at larger scales (Anderson 1981, 1994).
Patterns of dugong herbivory are constrained by spatial distributions of bathymetric features
and water depth, within which foraging mechanisms must operate (Anderson 1994).
Increasing water depth may increase the energy requirement to forage on the benthic flora,
which would explain why dugongs are generally found along offshore edges of shoals, or
around points, where there is ready access to both shallow and deeper waters (Anderson
1981). Conversely, deeper waters may enhance the ability to dugongs to escape from
predators such as tiger sharks (Heithaus et al. 2002, Wirsing 2005). If dugong foraging is
influenced by the need to avoid adverse environmental conditions, habitats located in colder
or deeper water will receive less use (Anderson 1986, 1994). Hence, spatial distributions of
bathymetrical features can aid in interpreting spatiotemporal patterns of dugong herbivory.
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Grazing dugongs must accommodate variations in water depth, especially during the tidal
cycle in some locations. Dugong foraging across many intertidal seagrass meadows is
restricted by tidal periodicity to twice per 24-hour period. The nutritional quality of intertidal
seagrass resources may be high, but this must be balanced against the constraints imposed by
the tides on the total time available for foraging and the energetic costs of accessing the
intertidal zone. Dugongs presumably reduce the energetic costs of swimming up into
intertidal meadows to forage by moving with the advancing and retreating tidal currents. de
Iongh et al. (1994) in their study of dugong-seagrass interaction in East Indonesia observed a
seasonal feeding dynamic constrained by the tidal cycle. Dugongs exhibited a low frequency
of feeding when low tide occurred at night and a high feeding frequency when low tide
occurred during the day, indicating nocturnal feeding patterns. However, this conclusion is
tentative and an analysis of dugong dive patterns along the Queensland coast by Chilvers et
al. (2004) found no evidence of such behaviour.
Although dugongs are probably not constrained in their foraging by environmental exposure
(e.g., sun and wind) to the degree of many terrestrial mammalian herbivores (e.g., grazers of
the African savannahs, Owen-Smith (2002), extreme exposure such as high wave action,
might prevent dugongs foraging in particular areas for a time; a factor which would have a
seasonal periodicity. For example, Anderson (1981) observed that dugongs abandoned
exposed feeding areas in high winds and wave heights, but returned hours later when
conditions were more favourable. Strong wave action would also act to reduce forage intake
rate, as Anderson (1981) also noted dugongs feeding in rough seas spent more time at the
surface for breathing than in calmer conditions.
The influence of the substrate within which seagrass grows may have an impact on the intake
rates of dugongs by reducing masticatory efficiency (Preen 1992). The presence of shells in
the sediment could act as an impediment to rooting up the plant as well as maceration and
transportation processes during chewing, forcing the dugong to crop the leaves instead of
removing the entire plant – a considerably less efficient mode of foraging (Marsh pers
comm.). Highly compact sediment can also inhibit the ability of dugongs to root up seagrass
plants.
On daily scales, the dugongs’ intake rate is assumed to be limited by the short-term rate of
consumption achieved while the animal feeds, by the amount of time an animal can invest in
foraging, and by digestion and excretion (Lanyon and Marsh 1995b). On yet a finer scale (i.e.,
minutes), intake rate is limited by the spatial and morphological properties of the seagrass
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food resource and by the cropping and masticating capabilities of the dugong (Lanyon 1991,
Lanyon and Sanson 2006a). Superimposed on these parameters is seasonal variation,
involving changes in the day-night ratio, water temperatures, and associated changes in food
availability and quality and animal reproductive status. For example, Marsh et al. (1984) and
de Iongh et al. (1995) both noted in separate studies that calving in dugongs seems to coincide
with the start of the period of maximum seagrass productivity. This behaviour may ensure
that energy intake is maximised during the final stages of pregnancy and the start of lactation
(Boyd et al. 1999). Disease, competition or reproduction, and behavioural variation between
individual animals may also affect grazing in dugongs. Presence of predators, such as tiger
sharks, and hunting from humans may also play a constraining role. Dugongs may avoid
otherwise attractive feeding areas to reduce the risk of predation, especially during calving
(Anderson 1986, Heithaus et al. 2002, Wirsing 2005). Dugongs may also prefer intertidal
foraging sites which have close access to a deep water edge as a means of rapid escape from
predators encountered in the shallow zones. The full extent of the influence of predators on
dugong habitat use and distribution patterns is not understood. I consider non-foraging
impacts on habitat use and resource selection by dugongs (including predation and
anthropogenic disturbance) in Chapters 4, 6, 7, and 8.
No doubt dugong foraging is also constrained by limits on sensory perception, memory, and
locomotion. Dugongs inhabit turbid coastal waters which may impede their ability to detect
suitable seagrass patches visually. The high spatiotemporal patchiness of seagrass meadows
must also demand a sophisticated spatial memory to mentally ‘map’ the location of quality
foraging sites. The amount of time a dugong can spend feeding on intertidal seagrass
meadows must be constrained by the animal’s swimming speed as it traverses the intertidal
and subtidal zones according to tidal periodicity. Maximum intake rates are also constrained
by the ability of the animal to masticate seagrass food items effectively, particularly seagrass
species that resist mechanical disintegration and/or contain high fibre and lignin
concentrations (e.g. Zostera capricorni and Thalassia hemprichii, Lanyon (1991), Marshall et
al. (2003), Lanyon and Sanson (2006a)).

2.6. What we need to know about dugongs as large marine grazers
Managing the conservation of dugongs would be enhanced by detailed understanding of
dugong grazing processes and the interactions between dugongs and their seagrass food
habitat. The nutritional requirements and foraging strategies of dugongs have been
investigated to some degree (e.g., Marsh et al. 1982, Lanyon 1991, Preen 1995b, Marsh et al.
1999a, Marshall et al. 2003), but with no conceptual model and only a limited understanding
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of: (1) how the animal interacts with the seagrass when it grazes; (2) how this interaction
affects the dynamics of the seagrass resource, and; (3) how environmental influences affect
dugong foraging behaviour. More information on dugong foraging behaviour and responses to
spatiotemporal heterogeneity of their food resources is vital to improve our understanding of
the dynamics of dugong foraging and for the effective management of dugong populations
and seagrass resources.
Because dugongs feed largely on seagrasses, understanding the patterns in the magnitude and
variability of dugong herbivory could allow limits to be identified for seagrass as a dugong
food resource - which in turn could be a surrogate measure of the maximum rate of population
increase because dietary intake in dugongs apparently directly influences fecundity (Boyd et
al. 1999, Kwan 2002). For example, following the large-scale dieback of seagrass food
resources in Hervey Bay, Queensland, from severe flooding in 1992, the proportion of calves
observed in the region declined from 22 % in 1988 to just 2.2 % (Preen and Marsh 1995).
Unfortunately, data on the numerical responses by dugongs to variation in the density of their
food resources is lacking. The numerical response links change in herbivore demography to
food availability (Solomon 1949, Bayliss and Choquenot 2002). Quantification of the
numerical responses of dugongs to variation in food abundance and food quality are essential
to test the predictions of any model of forage quality. This approach has been impossible so
far because no investigation has been conducted on dugong nutritional ecology where
movement, resource use, and seagrass botanical and chemical composition have been
measured simultaneously. Such data are essential for calculating the nutrient composition of
the seagrass food resource actually consumed in contrast to the total seagrass community
biomass potentially available.
A generalised model of dugong foraging will ultimately depend on improved understanding
of the processes controlling the intake of nutrients required by dugongs from their seagrass
food resources. Nutrient intake is the most important factor determining herbivore survival
and fitness (Spalinger and Hobbs 1992). Nutrient intake rate and its effect on the rate at which
food resources are depleted also modifies the spatial scale at which grazers use habitats (Senft
et al. 1987, Coughenour 1991, Shipley et al. 1994). Unfortunately, nutrient intake rate in
mammalian grazers is difficult to measure under direct field conditions (Jiang and Hudson
1992, Mayes and Dove 2000), especially for free-ranging dugongs (Anderson and Birtles
1978, Anderson 1994). Models have been developed to predict intake rates in terrestrial
grazers (e.g., Van Wieren 1996). However, the need for controlled measurements has meant
that much research has been conducted over short periods of time, usually in artificial settings
with fasted animals (Shipley et al. 1994). Consequently, comparisons of nutrient intake in
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free-ranging terrestrial grazers with that of dugongs should be made with caution. For
example, terrestrial foraging models predict that when the concentration of a nutrient in a
grazer’s food (e.g. nitrogen) declines, then the animal may increase its feeding rate to
compensate (Crawley 1983). However, since dugongs already spend a large proportion of the
diel cycle engaged in foraging (67 %, Chilvers et al. 2004) the capacity for dugongs to
compensate for reduced nutrient intake by increasing daily foraging time is limited,
particularly when foraging in inshore habitats where tidal periodicity restricts access to
intertidal food patches (see Section 2.5.4. above for more constraints on dugong foraging
times and intake rates).
Previous studies have investigated large-scale responses of dugong populations to fluctuations
in the distribution of seagrass resources (Preen and Marsh 1995, Marsh et al. 1996, McKenzie
et al. 2000), but these studies have not provided the resolution necessary to evaluate
hypotheses regarding the fine-scale processes responsible for dugong behavioural responses.
Proper analysis of the role of environmental stochasticity in shaping dugong habitat use and
movement patterns requires the adoption of a multi-scale perspective – one that incorporates
both fine and broad spatiotemporal scales of resolution. The formidable difficulties inherent
in conducting controlled manipulations and field measurements on marine mammal grazers
have prevented this perspective from being realised to date.
How dugong diet selectivity changes with abundance and quality of seagrass food resources is
still poorly understood. The issue of dugong diet selection is complex because of the many
(often unidentified) interactions between foraging objectives and constraints and the high
spatiotemporal heterogeneity of seagrass food resources. Because foraging dugongs must
cope with unpredictability, not only in encounter rates of seagrass patches, but also in the
nutritional quality of each seagrass patch, how they respond to seagrass patchiness must
ultimately determine their foraging success. Accordingly, the ability of a dugong to forage
efficiently likely determines its distribution, nutritional status and ultimately, its fitness. There
is a need for developing detailed conceptual models of dugong foraging across spatial scales,
with a view to developing descriptive and predictive models of dugong foraging ecology and
habitat use. The aim of this thesis is to characterise dugong movement behaviours, habitat use
and foraging ecology using a spatially-explicit, hierarchical approach at scales that are
biologically meaningful to dugongs and applicable to conservation management activitites.

28

CHAPTER 3.
The Hervey Bay Study Site and Methods for the Capture,
Tagging and Tracking of Wild Dugongs

The dugong is a charismatic species under increasing threat from human activities. More
information on dugong behaviour is urgently required to design and implement effective
management strategies. Remotely acquired data from satellite tags attached to wild dugongs
provide invaluable information on dugong movement behaviours and habitat use. However,
deployment of telemetric equipment to dugongs is not without risk; both to the animal and to
field personnel and equipment. Here, I outline the handling procedures and equipment used
to deploy satellite tags on 70 dugongs along the coast of Australia. I also describe the general
characteristics and conservation management significance of my Hervey Bay study site in
southeast Queensland, Australia.
Chapter 3 is in press as Marmontel, M. Sheppard, J.K., Morales, B., Reid, J. Sirenian
tagging and tracking. In: Sirenian conservation: Issues and strategies in developing
countries. E. Hines editor.
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3.0.

Hervey Bay study site

3.0.1. General physiognomy

The study area was located in Hervey Bay, Queensland, Australia (25°S, 152°45'E), a large (3800
km2), U-shaped embayment within which seagrass meadows cover 2300 km2; making Hervey Bay
one of the largest single areas of seagrass on the eastern Australian seaboard (Lee Long et al. 1993)
(Figure 3.1). Broad-scale mapping of the seagrass resources of Hervey Bay indicates that the seagrass
is distributed mainly across the southern and western areas, and extends from the intertidal zone to
depths of at least 32 m in the centre of the bay (Preen et al. 1995, McKenzie et al. 2000, McKenzie
and Campbell 2003, Campbell and McKenzie 2004) One-quarter of the bay is less than 10 m deep,
half the bay is 10-20 m deep and less than 1% of the bay is over 30 m deep (Beach Protection
Authority 1989). The study area includes the Great Sandy Strait; a 931.6 km2 estuary adjacent to the
south of Hervey Bay between the Queensland mainland and Fraser Island (Figure 3.1). The Great
Sandy Strait contains extensive seagrass meadows growing on intertidal sand and mud flats
(McKenzie et al. 2000).

3.0.2.

Hervey Bay dugong population

Since 1988 various aerial surveys have estimated these meadows support a population between about
600 – 2250 dugongs (Marsh et al. 1990, Marsh et al. 1996, Marsh and Lawler 2001). Historical
records and anecdotal reports from fishermen associated with the Hervey Bay dugong oil fishery
estimate the dugong population to have been in the tens of thousands prior to the mid twentieth
century (Welsby 1967, Daley 2005). The large dugong population is likely due to the extensive
intertidal and subtidal seagrass food resources within Hervey Bay. Consequently, Hervey Bay is
designated as a site of high dugong conservation significance and is the largest Level-A Dugong
Protection Area on the urban coast of Queensland (Marsh 2000).
The size of the dugong population in Hervey Bay fluctuates dramatically, largely due to immigration
and emigration, especially following periods of seagrass dieback as a result of environmental
perturbation. This phenomenon was graphically illustrated in 1992 when Hervey Bay experienced two
major flooding events followed by a cyclone: an estimated 1000 km2 of seagrass was destroyed within
a three week period and the dugong population plummeted from an estimated 1937 (± 393 s.e.) to
only 166 (± 68 s.e.) animals (Preen et al. 1995, Preen and Marsh 1995, McKenzie et al. 2000, Marsh
and Lawler 2001). The intertidal seagrasses were uprooted by heavy seas and the deepwater subtidal
seagrasses died as a result of reduced light intensities associated with the persistently turbid water. In
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1999, another flood destroyed 90 % of intertidal seagrass cover in the northern Great Sandy Strait
(Campbell and McKenzie 2004). Recent surveys indicate that: (1) the seagrass in the Great Sandy
Strait have recovered to more than 100 % of its pre-1999 cover (McKenzie and Campbell 2003,
Campbell and McKenzie 2004), and (2) the seagrasses in Hervey Bay have also recovered to preflood levels (Campbell and McKenzie 2004). The dugong population in Hervey Bay has also
recovered from the post-flood 1993 levels of an estimated 524 (± 124 s.e.) animals to 2547 (± 410
s.e.) in 2005 (Marsh and Lawler 2006).

3.0.3.

Rationale for study site selection

The Hervey Bay region has experienced dramatic urban growth over the past decade. The human
population of the Hervey Bay region has increased from 30,000 in 1991 to approximately 50,000 in
2005, with a continuing annual growth rate of 5.6 %. This population is projected to increase at an
average annual rate of 2.6 % to 87,000 persons in 2026. Economic growth is matching population
growth in Hervey Bay, particularly in tourism, service industries, retailing and light industries
(Hervey Bay City Council 2005).
The rapid urban growth of the Hervey Bay region has put considerable strain on local infrastructure
and natural resources. Government management agencies are faced with the challenge of balancing
economic growth with the sustainable use of natural resources and environmental safeguarding. For
example, the Mary River which flows into the northern region of the Great Sandy Strait drains a
modified catchment of dryland grazing, agricultural crops, cleared land, forestry and both sewered
and unsewered urban development (Rayment and Neil 1997). Increasing development within the
catchment of the Mary River will increase pressure on the ecological health of the marine
communities downstream. The seagrass meadows on which the dugongs of Hervey Bay depend for
food may be at further risk if the Mary River carries an additional sediment load (and agricultural and
industrial chemicals) from human activities, particularly during flooding events.
Although dugongs occur throughout most of Hervey Bay, a significant concentration consistently
occurs around the south west coast, near Burrum Heads (25º11.4′ S, 152º36.6′ E) (Figure 3.1) (Preen
and Marsh 1995, Marsh et al. 1996, Marsh and Lawler 2001). The Burrum River system is composed
of three major tributaries which join where it flows into the south-west of the bay. The Burrum River
has a catchment of 2300 km2 and a mean annual discharge of approximately 200 000 MI (Water
Resources Commission data). The Burrum River estuary and adjacent coastal waters support
extensive intertidal seagrass beds (McKenzie et al. 2000) which are used intensively by foraging
dugongs. Burrum Heads was selected as a site for the capture and tagging of wild dugongs within
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Hervey Bay because: (1) its is an area used by dugongs all year round and so the chances of there
being dugongs present to capture is high; (2) it is generally sheltered from the wind and large wave
action, facilitating dugong capture, and; (3) dugongs frequently move up into the extensive, shallow
intertidal seagrass meadows found at Burrum Heads, also increasing ease of capture (see below).
The Burrum River has also experienced an increase in terrestrial sediment load, which threatens the
health of the important dugong seagrass habitat across the intertidal flats of the Burrum estuary
(Voisey 1993, Rayment and Neil 1997). The Burrum Heads village is the site of a recent development
boom, stimulated by the demand for a coastal retirement lifestyle (the ‘seachange’ social
phenomenon). Two large housing estates are currently being constructed by the banks of the Burrum
River (http://www.dolphinwatersestate.com.au/index.html and
http://www.onthebeachburrumheads.com.au/index.html#). These estates will increase pressure on
environmental amenities and increase the number of boats traversing the Burrum Heads dugong
habitat (Maitland et al. 2007). Hence, the rapidly urbanising coastline of Hervey Bay is an excellent
test-case for how management agencies can implement effective protection measures for dugong
populations and their seagrass food resources along the increasingly developed coast of Queensland.

3.1. Techniques Used for the Capture and Tagging of Wild Dugongs
3.1.1

General safety and conservation issues

Management agencies have recognised the iconic value of dugongs and their conservation threats and
have implemented intensive research and monitoring projects to enhance dugong conservation and
minimise sources of anthropogenic mortality. Information on the ecological role of dugongs in marine
communities is required to improve conservation management efforts to protect this flagship species.
The safe capture of wild dugongs for the deployment of satellite tags present numerous challenges.
The dugong fieldwork for this project required robust equipment as well as considerable technical
experience, patience and planning.
The value of research activities that capture, tag and remotely track wild dugongs to improve
population conservation efforts must be weighed against the stress caused to individual animals and
the risk of injury or death. Dugongs are believed to be susceptible to potentially fatal capture stress
(Marsh and Anderson, 1983) and two dugong mortalities have occurred during catching operations
conducted by previous researchers (Marsh et al. 2002). It was imperative that the telemetric fieldwork
for this project was designed and conducted conscientiously, since any accidental dugong mortality
would defeat the purpose of the study and generate adverse community reactions. Although a dugong
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mortality during capture would have a small effect on the Australian population as a whole, the death
would have highly symbolic and political consequences for my project.
Sirenians are protected by legislation in most countries and research on dugongs must follow stringent
guidelines to avoid legal transgressions (Marsh et al., 2002). Fieldwork for this project required ethics
approval from the research ethics committee of James Cook University as well as the government
agencies responsible for managing dugong conservation (the Great Barrier Reef Marine Park
Authority, Queensland Environmental Protection Agency and the Department of Environment and
Water Research). Fieldwork involving dugongs had to operate within strict parameters mandated by
these agencies, which included the submission of regular project progress reports.

Dugongs are highly charismatic, so great care was taken when fieldwork involving dugongs occurred
within view of the public: the high-speed boating manoeuvres involved in dugong capture may have
been misinterpreted by the public as a form of harassment. A public communication and consultation
strategy was implemented to regularly inform local management agencies, community interest groups
and Native Title Holders of research activities and findings. A contingency plan was drafted with
Hervey Bay Queensland Parks and Wildlife Service in the event of injury or mortality caused to the
animal during the capture process. This plan included access to a qualified veterinarian.

3.2. Personnel and equipment required for dugong capture and tagging
3.2.1. Personnel
The dugong capture crew consisted of the following 8 – 9 crewmembers:
•

Expedition leader/catch boat driver;

•

Primary jumper;

•

Secondary jumper;

•

Dugong restrainers (2 – 3);

•

Scribe/photographer/general hand;

•

Support boat driver.

•

Aircraft-based spotter
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A
B

Figure 3.1. A: Map of Hervey Bay and the Great Sandy Strait, with the Burrum Heads field site marked by the black rectangle. The corner insert shows the
location of Hervey Bay relative to the Queensland coastline. B: Google Earth™ aerial image of the Burrum Heads field site, showing the Burrum River mouth at
the top left and the extensive intertidal seagrass flats clearly visible at low tide.
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3.2.2. Boats and general equipment

Dugongs can swim at up to 30 – 35 km/h for short bursts and are surprisingly agile. They are capable
of performing a complete 180o turn in a few seconds by pitching downwards then rolling to face in the
opposite direction. To enable capture, the catch vessel had to maintain close proximity to, and direct
sight of, the dugong during the entire pursuit. It was often necessary to follow the animal into shallow
intertidal waters (< 1 m). Hence, I used a fast and relatively light catch boat with a shallow draft; a 6
m long, rigid-hulled inflatable with a 70 hp engine. The inflatable was also used because its flotation
pontoons provided extra buoyancy in rough conditions and a soft platform from which the captured
animal could be safely secured and fitted with a transmitter (see below). It was important that the
inflatable had a rigid, keeled hull, as flat bottomed inflatables may ‘slide’ unpredictably when turned
quickly, a safety issue for both dugongs and any crew entering the water to effect capture. A support
vessel was used for carrying extraneous equipment, backup tags and field assistants (dugong capture
is physically demanding and participants sometimes tire quickly).

3.2.3. Dugong satellite tag

The satellite tag and the harness assembly currently used to track wild dugongs was a modification of
that previously described by Marsh and Rathbun (1990). The dugong telemetry unit combined the
PTT system of remote relocation fix delivery via the Argos network with the accuracy of GPS
(http://www.cls.fr/), which was ‘piggybacked’ on the PTT signal (Telonics Inc, Mesa, Ariz, USA).
The piggybacked GPS fixes provided a sample of highly accurate location data in the event of the unit
being lost in the field. The unit had to be recovered to download the complete dataset. A VHF
transmitter was also included for short-range (< 5 km) ground truthing of locations and recovery of
tags. The whole system was incorporated into a slightly buoyant, streamlined polycarbonate cylinder
with an epoxy resin flotation collar that was resistant to impact and shark attack (Figure 3.2). The unit
measured 40 x 20 cm and weighed 2 kg. To prevent encrustation with fouling organisms (algae,
barnacles, mussels) each unit was coated with antifouling paint and a reflective band was attached to
make it easier to detect in the field, particularly during retrieval.
Because the satellite tag could only acquire a location fix when it was at the surface, a saltwater
switch was incorporated into the unit to shut down transmission attempts when the tag was submerged
to conserve battery life. The antifoulant had to be kept away from the saltwater switch terminals, as
copper based paints may conduct current and prevent the switch turning off. The duty cycle was set to
a 20-minute cycle to provide suitably high resolution location data to capture the full range of dugong
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movement behaviours (fine and large-scale). Battery capacity on the 20-minute duty cycle provided
enough power for a three month deployment.
The units usually required a surface period of 4 - 10 seconds to acquire a GPS fix (although the latest
generation Fastloc™ tags from Wildlife Computers Inc. require much less time, see Chapters 6, 7 and
8). Programming a longer duty cycle (> 20 minutes) meant that a longer period of time could elapse
between each location fix due to greater movement of satellites. Additionally, if the animal was
resident in deep water (> 4 m) the tag would have less time at the surface and so fewer location fixes
would be recorded. Similarly, when the dugong was undertaking a large-scale movement, the tag was
pulled linearly through the water and had less time to surface and acquire a location fix (see Chapter
4).

3.2.4. Dugong tether and harness

Satellite tags deployed on marine wildlife have to be at the surface to acquire and transmit a relocation
fix because radio signals are attenuated by the high electrolyte content of salt water (Marsh and
Rathbun 1990). Consequently, the dugong tag was attached to the animal’s caudal peduncle via a
three-metre long flexible nylon tether (Figure 3.2). The tether maintained the tag posterior to the
animal and was stiff enough to prevent knots from occurring. When the animal surfaced for a breath
or was moving slowly in shallow water (< 3 m) the tag floated to the surface enabling it to
communicate with satellites. The harness assembly at the end of the tether consisted of a solid,
durable plastic block through which a canvas strap in a padded latex tube was threaded. The strap was
wrapped around the peduncle and secured in the block with a clamp.
Two separate release mechanisms were incorporated into the dugong harness: (1) the peduncle strap
was attached to the harness block via a 270 lb stainless steel trace wire, and; (2) the strap was also
passed through a corroding backup link. The trace wire acted as safety link in case the dugong
snagged the tag on an underwater obstruction such as coral or rock: if entangled, the animal could
simply snap free of the tag by breaking the wire. The wire was strong enough to keep the tag attached
under normal circumstances, but weak enough so that an adult dugong could break it without extreme
effort. 150 lb trace wire was originally trialled; however, all tagged dugongs broke free of these
harnesses within hours. When the deployment period was complete, the tag was remotely detached
from the dugong via a signal from a handheld transmitter. The detachment signal was successfully
received by the tag within 500 m depending on sea conditions. The tag then sent a 9-volt current
through the tether to the wire link, which corroded rapidly in an accelerated galvanic reaction to allow
the dugong to break free of the harness (in about 10 – 30 minutes).
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Figure 3.2. A: Dugong satellite tag with tether and harness. B: Corroding backup release. The shackle on the
left has been recovered from the field after a 2.5 month deployment in temperate seas – note the thinness of the
corroded zinc bolt compared to the new shackle on the right.

The backup corroding link consisted of a zinc rod inserted into a marine-grade stainless steel shackle
(Figure 3.2.B). When submerged, the steel donated ions to the zinc in a galvanic reaction with the
seawater to slowly corrode the rod at a steady rate. Depending on the thickness of the zinc rod and the
temperature of the water, the time to breakage could be predicted to within one or two weeks. In the
event of the remote release malfunctioning, the backup link provided a simple, robust and inexpensive
failsafe so that the unit was not attached to the animal indefinitely. I found that as a double backup the
trace wire tended to break after three months apparently from fatigue resulting from flexing with each
tail stroke. Hence, unless the release mechanism is modified to resist this fatigue, future tag dutycycles should be programmed to three-month periods.

3.2.5. Dugong time-depth recorder

Dugong dive profiles were collected using a time-depth recorder (TDR: Mk9 Wildlife Computers,
Woodinville, WA, USA). These compact units (8 x 3 cm) were fitted to the plastic block on the
dugong harness so that depths were recorded as close to the animal’s tail as possible. The dive
recorder collected over six months of dive data with a reading taken every two seconds and
concurrently measured light intensity and water temperature. A sample rate of two seconds was of
suitably high resolution to capture the dugongs dive profile. Light and temperature were sampled at
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longer intervals (five minutes) to conserve battery life. Each dive recorder had to be retrieved from the
field to download the full recorded dataset.

All satellite tags, dive recorders and harnesses were thoroughly tested before each expedition and
immediately before each deployment attempt. Satellite tags were tested to ensure they could acquire
an accurate location fix and transmit it to the receiving station for downloading. Dive recorders were
calibrated and the harnesses were checked to ensure the release signal was properly acquired and
transmitted to the weak link. See Appendix, Table A.1. for a list of field equipment used to capture
and tag wild dugongs.

3.3. Dugong capture and tag deployment

3.3.1. Detection, pursuit and capture
Dugong tagging expeditions were conducted over shallow, intertidal seagrass meadows in the Burrum
habitat (Figure 3.1.B). Water deeper than 5 m usually made capture prohibitively difficult because it
was hard to maintain a constant visual fix on, and thus active pursuit of, the target animal. Sea state
during dugong captures had to be calm (< 3 Beaufort, < 10 knots wind speed), as stronger winds and
rougher seas greatly hindered the ability to detect and safely capture a dugong. A spotter plane was a
cost-effective addition to the capture efforts. Observers in the spotter plane directed the chase during
the pursuit via radio contact, minimising the possibility of losing sight of the dugong in turbid waters.
When a suitable dugong was located (ideally a mature animal, without an attendant calf), care was
taken during the initial approach to avoid startling it into fleeing before the boat was close enough to
initiate a chase. The distance at which the dugong was alarmed by the presence of the boat varied
considerably and was influenced by site physiography (depth, distance to the coast, distance to deep
water, water clarity) and sociobiological factors (presence of conspecifics, habituation to boat traffic).
Some animals exhibited avoidance behaviour when > 200 m from the boat, whereas others seemed
unperturbed if the boat was < 10 m away. Hence, each animal was approached slowly and stealthily
and the engine noise was reduced as much as possible to minimise stress and the risk of boat strike.
Dugong capture was effected using an updated version of the ‘rodeo technique’ outlined by Marsh
and Rathbun (1990). To facilitate the ease of capture and tag deployment each dugong was herded
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into shallow water and corralled into the intertidal zone. Once an animal was startled by the presence
of the catch boat it typically ran for deep water via the shortest route, although some individuals
headed further into the shallows. The catch boat was positioned parallel to the coast with the dugong
between the boat and the shore to prevent escape and to keep the dugong in shallow water where
capture was easier. The dugong was then allowed to swim until fatigued, while the catch boat
carefully maintained a herding track on the animal’s flank. The support vessel assisted in keeping the
dugong from deep water by creating a ‘screen’ of bubbles and noise further out to sea, about 100 –
200 m from the catch boat. A visual position fix on the dugong was maintained at all times during the
chase to minimise the risk of collision.
The length of the chase period varied, but usually lasted about 2 – 10 minutes from detection and
flight to capture, depending on the dugong’s age, size and stamina. Chases that went beyond 10
minutes were abandoned to avoid overly stressing the animal. Once the animal tired, it slowed
considerably and surfaced frequently for air. The dugong was allowed at least three breaths from the
start of the chase before a capture attempt. Animals that have not been chased are still sufficiently
energetic to significantly reduce the probability of successful capture.
The catch boat was then brought as close as possible to the dugong’s flank, with the animal positioned
just to the side of the bow. A field assistant jumped from the prow of the boat onto the tail of the
surfacing dugong, after it had taken a breath, which effectively prevented any further movement
(Figure 3.3.A). All attempts at jumping onto a dugong were made off the side of the boat. Catchers
that jumped directly off the front risked serious injury from boat strike. Once a jump had been made,
the engine of the catch boat was immediately switched off in gear to stop propeller rotation.
If the dugong was captured in water approximately 1.5 m deep or less, it was often possible for the
catcher to stand, with the dugong’s tail pressed against his or her chest. The dugong’s upstroke is
considerably weaker than its downstroke and in this position the dugong could be restrained
surprisingly easily for such a large animal. In deep water however, the catcher was unable to fix his or
her own body in an upright position and was unable to prevent tail movements. The progress of the
dugong was slowed, but not stopped. In this case, the first catcher was followed into the water by a
secondary jumper who clipped a padded tail rope over the caudal peduncle of the dugong (Figure
3.3.B). Both catchers then released their grasp on the dugong. The rope (15 m long) allowed the
dugong to surface for air and recover from the pursuit while preventing it from escape. The boat was
then carefully drawn alongside the animal by slowly pulling in the rope.
Once the animal was captured, a flotation device (a rubber tube with a rope through its middle) was
placed under its belly and between its flippers (Figure 3.3.D). The flotation device was then tied off
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against the side of the catch boat to act as a cradle to ensure the dugong could always surface for air
without escaping. Once the dugong was secured in the flotation cradle, the tail rope was unclipped. To
avoid injury, all crewmembers (particularly the expedition leader) had to be constantly aware of their
surroundings when in the water, particularly the location of boats, ropes and other crewmembers.
Dugong capture could be tiring and minor injuries such as bruises, abrasions and sprains were not
uncommon. Having extra crewmembers stationed onboard the support vessel allowed personnel to be
successively rotated and rested.

3.3.1. Tagging and release
Assistants were stationed across the length of the secured animal (treading water if necessary) to
provide support, monitor the dugong’s wellbeing and keep it steady while the satellite tag was being
attached (Figure 3.3.C). The breathing patterns of the dugong were constantly monitored and it was
regularly checked for signs of distress, e.g. laboured breathing, struggling and vocalisations. Usually
one assistant supported the head and monitored the animal’s breathing; two assistants were placed
around the middle section to hold the animal in place; and one assistant kept the tail as flat and
motionless as possible. Most animals generally ceased struggling once completely secured, although
some animals occasionally tried to thrash their tail. Hence, it was important that the ropes on the
cradle were tied off as tightly as possible, but in a way that allowed quick release so that the animal
could be freed if at risk (e.g. a bowline knot).
Once the dugong was stable, the tag was strapped to its tail around the caudal peduncle. A unique,
easily recognisable symbol was drawn on the dorsal surface of the dugong using a wildlife marker to
identify individuals previously captured during the expedition (the mark typically lasted no more than
one week). The following additional measurements were also taken:
•

Time of capture

•

Length

•

Girth

•

Sex

•

Biopsy sample (a very small piece of skin (about 2 x 10 mm) stored in DMSO for genetic
analyses)

•

Photographs of any interesting characteristics (e.g. scarring)

•

Faecal sample (frozen for diet and hormonal analysis)

•

GPS location of capture

•

Water depth
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•

Tide height

•

Time of release

After the tag was attached and all measurements were made, the animal was released by untying the
flotation device while the assistants moved away (Figure 3.3.E). When operating in good conditions,
the time taken to capture, tag and release a dugong was around 10 minutes. The spotter plane was
used to closely monitor the animal’s behaviour for about 15 - 20 minutes after release.

3.4. Tracking, ground-truthing and tag recovery
Once the tag was deployed, PTT and GPS location fixes were downloaded via Service Argos every
second day (http://srv-2001-web.cls.fr/internet/customer-web-interface.jsp).
The location fixes identified the seagrass meadows important to dugongs, and these habitats were
concurrently surveyed, sampled and mapped to determine their characteristics. Where logistically
possible, tagged dugongs were regularly relocated in the wild via the short-range VHF signal to
ground-truth the satellite data. Triangulation of the VHF signal using a yagi aerial allowed the
location of the tagged dugong to be fixed from a boat or the shore. Real-time behaviours undetectable
by the satellite data were observed (e.g. herding). Faecal material and seagrass floating around feeding
aggregations were also collected. Tracking an animal accurately for periods more than a few hours
using the VHF method was very difficult because the animal was typically at the surface (with the tag
transmitting) for only a few seconds roughly every 5 minutes (see also Rathbun and Marsh, 1990,
Preen, 2001).
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A.

D.

B.

E.

C.

Figure 3.3. A: a primary jumper launching from the prow of a catch boat onto the tail of a dugong that has surfaced for a breath in deep water (> 3 m) - a
secondary jumper is following with a padded tail rope to secure the animal; B: a dugong being captured in shallow water (< 1.5 m); C: attaching a satellite tag to
a dugong’s tail in deep water (> 3 m) alongside the catch boat while field assistants keep the animal restrained and closely monitor its wellbeing; D: underwater
water shot of a captured dugong safely restrained in a padded flotation cradle which is tucked under its flippers; E: a dugong that has been tagged and released is
gently guided out of its restraints and away from the catch boat by field assistants – note the tag and harness attached to its tail.
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At the completion of the deployment period, the tagged dugong was approached in the wild using the
VHF signal within its latest home range (identified from the Argos data). Because the remote-release
mechanism could be activated within 500 m, the research vessel used to approach the dugong
maintained a distance of at least 100 m to avoid disturbing the animal and triggering a flight response.
Once activation of the release was confirmed (indicated by a pre-programmed change in the timing of
the VHF signal), the vessel continued to maintain its distance, following the animal slowly. The tag
detached within 10 – 30 minutes, allowing the tag to be detected and recovered using the VHF signal.
The marine environment is particularly hostile to sensitive electronic equipment. Tag malfunctions
and losses occurred as a result of impacts with rocks, reefs and boats as well as attacks from sharks
and overloading with marine fouling. Three units were recovered from the field with the harness
assembly sheared off by a boat propeller. The tag housing of most units sustained damage from shark
bites. Some tags were recovered after only two to three months’ deployment completely encrusted
with algae and barnacles.
In the event of the tag failing to provide a satellite location fix following deployment for unclear
reasons, the unit could be relocated in the field via VHF using a boat, or a light aircraft. A whip aerial
was projected outside of the aircraft window to detect the tag across large distances (2 – 3 km).
Although aircraft detection was expensive, detection of lost tags using an aircraft was often necessary
if the release mechanism failed to detach the unit before the research vessel was forced to return to
shore, i.e. before nightfall. In this case, the tag could drift many kilometres from the location of its last
sighting
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Movement heterogeneity of dugongs over large spatial scales

Many large terrestrial mammalian grazers perform some kind of large-scale movement. Aerial
survey data and early satellite tracking of dugongs in the Australian tropics confirmed that at least
some individuals undertake large-scale movements at regional scales. However, these early studies
provided limited information on the nature of such movements, because of the limitations of the
data or the instrumentation. In Chapter 4, I investigate the behavioural mechanisms that produce
large-scale distribution and movement patterns in dugongs by reporting the unpublished results of
earlier satellite tracking combined with recent GPS telemetry, of 70 dugongs in sub-tropical and
tropical waters of Queensland and the Northern Territory, Australia.
Chapter 4 has been published as: Sheppard, J.K., Preen, A.R., Marsh, H., Lawler, I.R.
Whiting, S.D., Jones, R.E., 2006. Movement heterogeneity of dugongs, Dugong dugon
(Müller) over large spatial scales. Journal of Experimental Marine Biology and Ecology. 334:
64-83.
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4.0.

Introduction

Many large terrestrial mammals perform some kind of large-scale movement, e.g. the seasonal
mass migrations of ungulates such as wildebeest, Connochaetes taurinus and caribou, Rangifer
tarandus (Sinclair 1983, Owen-Smith 2002). Large-scale movements of up to thousands of
kilometres are also a critical feature of the life histories of many species of marine mammals (e.g.,
Stewart and DeLong 1995, Kenney et al. 2001, Deutsch et al. 2003b). The reasons for such
movements vary in different species and populations but may include spatial variability in the
availability of essential resources such as mates, food and warm water, avoidance of predation and
‘evolutionary holdover’ - individuals migrating because their ancestors did - despite changes in the
bathymetry of ocean basins over evolutionary time (Stern 2002).

Deutsch et al. (2003b) review the reasons for large-scale movements in sirenians and postulate that
such movements have evolved in response to seasonal changes in environmental variables such as
temperature, water levels, salinity and variability of forage. The results of several time series of
aerial surveys flown over very large-spatial scales (> 30,000 km2) since the mid 1980s have been
used as the basis for management planning of dugong populations (Marsh and Saalfeld 1988, 1989,
Marsh et al. 1990, Marsh et al. 1991, Marsh et al. 1999, Marsh and Lawler 2001, 2002, Gales et al.
2004, Marsh et al. 2004, Holley et al. 2006). Repeated surveys of the same region suggest that
dugongs undertake large-scale movements (e.g. see: Preen and Marsh 1995, Marsh et al. 1997,
Marsh and Lawler 2001, Gales et al. 2004, Marsh et al. 2004). However, there is limited direct
evidence for such movements.

Anecdotal historical evidence for large scale movements made by dugongs comes from a 1890s
account by (Welsby 1967); "… in skinning one of the animals … I found in the flesh the head of an
aboriginal wooden harpoon, made in the manner in which the natives around Port Bowen and
further north make these weapons … we know for a fact that there are no such harpoons used (in
Moreton Bay)…, as all those used in Wide Bay and up along the coast as far as Gladstone are in
the hands of white men, and are of course made of iron." For a dugong to make a long distance
move from Bowen to Moreton Bay, it would have to travel ~1000 km along the east coast of
Queensland. Anecdotal evidence also suggests that dugongs cross deep ocean trenches. For
example, dugongs were reported at Aldabra Atoll, 425 km from Madagascar in 2001, for the first
time in many years (Marsh et al. 2002). In June 2002, a confirmed report of a solitary male dugong
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was made on Cocos (Keeling) Islands in the Indian Ocean. The atoll is located 1000 km from the
nearest mainland coastal habitat (Java, Indonesia) across water 2 - 4 km deep (Whiting et al. 2005).
Genetic evidence also indicates that dugongs make large-scale moves > 500 km across deep water
from Indonesia to Australia (Blair et al. in review)

Early satellite tracking of dugongs in the Australian tropics confirmed that at least some individuals
undertake large-scale movements (LSM) (Marsh and Rathbun 1990, Preen 2001). However, these
early studies provided limited information on the nature of such movements, because of the
limitations of the Platform Transmitter Terminal (PTT) instrumentation. In this chapter, I report the
unpublished results of earlier satellite PTT tracking combined with recent PTT/GPS tracking from
my research, of a total of 70 dugongs in sub-tropical and tropical waters of Queensland and the
Northern Territory, Australia. Twenty-two of the dugongs that I tracked were fitted with both
PTT/GPS transmitters and time-depth recorders providing new insights into the nature of the largescale movements of dugongs. I hypothesised that dugongs frequently undertake large-scale
movements between core seagrass meadows within and between bays along the coast of
Queensland and that these movements are driven by both habitat and social factors.

4.1. Materials and Methods

4.1.1.

Determining the scale of dugong population patchiness

To determine the appropriate scale at which to model dugong spatial patterns, I first examined the
patchiness of dugong populations at regional scales > 10 000 km2. The scale at which dugong
populations are most patchy was measured using information collected from dugong aerial surveys
conducted along the southern urban coast of Queensland, Australia from 1986 - 2005 by Marsh and
Saalfeld (1989), Marsh et al. (1990), Marsh et al. (1993), Marsh et al. (1996) and Marsh and
Lawler (2001, 2002). The surveys were conducted using the strip transect method described by
Marsh and Sinclair (1989), and covered an area of 38 000 km2 (extending from 15º.50’S,
145º.28’E, to 24º.50’S, 152º.03’E).
Grech and Marsh (2007) used geostatistical techniques, including universal kriging, to develop a
spatial model of relative rather than absolute total dugong density and distribution along the Great
Barrier Reef World Heritage Area. Based on these data I analysed the density and distribution of
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dugongs within Grech and Marsh’s model as a grid layer in a GIS (ArcGIS; Environmental
Systems Research Institute, Inc., Redlands, CA). All 2 x 2 km grid cells containing > 0.1 (max =
9.9) dugongs per km2 were merged into a single grid of population patches. These patches of
dugong distribution and abundance across 20 years were analysed using the Patch Analyst
extension (Rempel and Carr 2003) for ArcView (ESRI Inc.) This extension incorporates
FRAGSTATS v2.0 (McGarigal and Marks 1994), a spatial pattern analysis program for quantifying
landscape structure. A patch was defined as contiguous 2 x 2 km grid cells of dugong abundance >
0.1/km2. The aerial survey data showed that at a population level dugongs aggregated in discrete
patches along the coast. The mean patch size (km2) provided an indication of the scale at which
dugong populations use habitats at the landscape level. Mean Nearest Neighbour Distances were
also calculated between patches to give a measure of patch isolation.

4.1.2.

Dugong telemetry

Since 1987, 70 dugongs have been caught and fitted with VHF and satellite telemetry equipment at
six locations along the east coast of Queensland and the Gulf of Carpentaria, Australia (Table 5.1),
using the capture method outlined in Chapter 3. One dugong was fitted with a VHF transmitter, 47
dugongs were fitted with satellite PTT tags (ST-14 Telonics, Mesa, AZ, USA) linked to Argos/CLS
(http://www.cls.fr) and 22 dugongs that I captured were fitted with PTT/GPS satellite tags
(Telonics Inc, Mesa, Ariz, USA) (see Table 4.1). Deployment times varied from 15 to 551 days.
The longest deployments occurred when dugongs were recaptured and a new transmitter was
attached. Argos is a satellite-based location and data collection system which collects
environmental data from autonomous platforms. Argos can detect any platform with a suitable
transmitter anywhere in the world via Doppler Effect receivers on board NOAA series satellites
(Service Argos, 1996). Six of the PTT tagged dugongs were also fitted with timed-depth recorders
(TDR Mk4 Wildlife Computers) (see Chilvers et al., 2004). All of the PTT/GPS tagged animals
were fitted with Mk7 and Mk9 TDRs (Wildlife Computers, Woodinville, WA, USA). TDRs were
fitted to the satellite tag harness at the base of the dugong’s tail. Mk4 TDRs can store up to 128,000
readings with a depth resolution of 40 cm. Mk7 TDRs can store up to 2 million readings with a
depth resolution of 25 cm. The new Mk9 model is smaller and lighter and can store up to 16
million readings with the same depth resolution. All TDR models have an accuracy of ± 1 %. The
Mk4 TDRs were programmed to sample dive data every one day in ten at 1-s intervals. The
sampling interval for the Mk7 and Mk9 TDRs was daily at 1 and 2-s intervals.

47

CHAPTER 4: Movement heterogeneity of dugongs over large spatial scales

4.1.3.

Accuracy and frequency of fixes

The animal fitted with the VHF transmitter was tracked manually by triangulation from three
elevated locations around Cleveland Bay with a resolution error of up to 4 km (Marsh and Rathbun
1990). The PTT satellite tracking telemetry equipment transmitted at 60-second intervals and
operated on 7.5 to 15-h per day duty cycles. Argos predicts that sixty-eight percent of PTT location
class (LC) 3 fixes fall within 150 m of the true location. For LC 2 the radius is 350 m, and for LC 1
it is 1000 m (Service Argos, 1996). Independent field tests suggest these radii are 361 m, 903 m
and 1188 m for LQ 3, 2 and 1, respectively, and that latitudinal error is less than longitudinal error
(Keating et al. 1991, Vincent et al. 2002). Only PTT LC 1 fixes or greater were used in the
analysis. Outliers were filtered by using a similar approach to McConnell et al. (1992), which
removed fixes if they required improbably high rates of travel to achieve (> 3 m/s) or if they were >
1000 m inland. The PTT tags provided location fixes an average of only 2.7 (N = 50, s.e. = 0.2,
max = 6) times in a 24 hr period (Marsh and Rathbun 1990). In contrast, the PTT/GPS technology
provided regular (max = 72 per day, mean = 22.4, s.e. = 0.6) and extremely precise (< 10 m)
spatiotemporal location data. Accordingly, I calculated minimum possible travelling speeds from
the PTT/GPS fixes only. Although the PTT/GPS equipped units provided both PTT and GPS
location fixes, only GPS data that were downloaded directly from the recovered units were used in
the analyses.

4.1.4.

Data processing and analysis

I established the criteria which defined a large-scale movement (LSM) based on three
discontinuities in the pattern of dugong movements: (1) the quantitative difference between the
location fix sampling frequency for local and long distance movements; (2) the movement distance
relative to the diameter of the mean dugong kernel home range size, and (3) the transition of
dugong movement structure between small and large domains of spatial scale using correlated
random walks (CRW) and fractal analysis.
Dugongs often made use of multiple, distinct, core habitats separated by areas apparently used only
for transiting between them. In these cases, calculating a home range using the complete location
dataset over-inflated the home range boundary, tending to pull the edge of the kernel home range in
each core habitat towards the direction of transit in a way not reflective of the true use of each area.
In order to objectively reduce this distortion of home ranges within core areas, I adopted the
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following approach: dugong activity centres were initially identified using the probability contours
of harmonic mean grids (Dixon and Chapman 1980). The harmonic mean was calculated from each
animal’s location fixes using the Animal Movement Analyst Extension (AMAE) (Hooge and
Eichenlaub 1997) for the ArcView v3.3 GIS program (Environmental Systems Research Institute,
Inc., Redlands, CA). Location fixes within grid cells containing the largest harmonic mean values
(proportion: > 0.035 GPS fixes, > 0.15 PTT fixes) were classified as outliers and excluded. Fixed
kernel home ranges for each dugong were calculated from the remaining fixes within each activity
centre using the AMAE (mean fixes = 382 ± 41.5 se). All kernels were calculated using a leastsquares cross-validation smoothing function (LSCV) - an iterative process that estimates the leastbiased smoothing factor (Worton 1989, Seaman and Powell 1996, Seaman et al. 1999, Gitzen and
Millspaugh 2003). This approach enabled me to create 95 % and 50 % utilisation distributions
(probability contours) with a 10 m2 cell size for the areas most frequently used and for the core
habitat areas for each dugong during its tracking period. The generally circular 95 % kernel home
ranges that were generated were measured across their maximum width to provide a measurement
of home range size.
I tested whether the independent individual paths of dugongs that undertook LSMs differed
significantly from those described by the Correlated Random Walk (CRW) model of Skellam
(1973), as modified by Kareiva and Shigesada (1983). I used the model as a null hypothesis as
suggested by Turchin (1996). In the model, animal movement is random over discrete time
intervals, but has a net directional bias. The equation uses step lengths, turning angles, and total
2

number of steps to calculate an expected mean square displacement distance (R n ). In this study I
used the extension of the equation outlined by Nams (2004) to estimate the overall deviation
2

between the observed trajectory and expected R n from a bootstrapped simulation of 10 000
iterations, with 95 % confidence intervals determined by the percentile method (Turchin 1998). An
2

animal with an observed trajectory below the expected R n possessed a lower movement
displacement than the model (overpredicted) and was deemed sedentary. An animal with an
observed trajectory that fitted the model was classified as a correlated random walker. An animal
2

with an observed trajectory above the expected R n possessed a greater movement displacement
than was predicted by the model and was considered to have made an LSM.
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The hierarchical and patchy nature of an animal's habitat causes movement path structure to vary
with spatial scale (Nams 2004, 2005). The CRW model may be too simplistic to describe
accurately the movement behaviour of a species that uses complex movement rules across different
scales (Morales and Ellner, 2002; Doerr and Doerr, 2004; Nams, 2005). Therefore, as appropriate
for my data, I also used fractal analysis to measure the tortuosity (Milne 1991a) of dugong paths in
order to detect transitions of movement structure across domains of scale (Wiens 1989), and to
identify the boundaries of dugong spatial habitat use. Fractal analysis is a geostatistical technique
that measures the tortuosity of lines (Mandelbrot 1967, Milne 1991a). It incorporates the effects of
spatial heterogeneity and provides a fractal dimension (D) for movement paths that can take values
between 1, when the line is completely linear, and 2, when the line is so tortuous as to completely
cover a 2-dimensional plane. It is believed that a change in D with spatial scale signifies a
transition between domains - different regions in the range of spatial scales in an animals’
environment - and that an increase in D occurs when an animal is foraging more intensively (Wiens
1989, With 1994, Nams 1996, Doerr and Doerr 2004, Nams 2004, 2005).

The Fractal Mean estimator, a modification of the divider method, was used to calculate the D for
paths of dugongs that undertook an LSM, using the VFractal program of Nams (1996). The
correlation of successive cosines estimator was also used to detect use of a hierarchical patchy
structure, in which there are patches within patches in the animals’ habitat. The estimator measures
correlation in tortuosity of successive path segments at various scales. If one path segment is inside
of a patch at scales smaller than the patch size, then the consecutive one is also likely to be inside
the patch and similarly for segments lying outside of patches (Nams, 1996, 2004, 2005).

Each individual dugong was treated as a sampling unit to avoid pseudoreplication. Because fewer
location fixes were acquired from a dugong undertaking an LSM than an animal resident in a core
habitat area, LSM location fixes were spread out in space and time (an average of one per 3.4 days
for PTT tags, 2.9 days for GPS). Lack of independence among observations can increase the
probability of a type I error by inflating the degrees of freedom (Legendre 1993). However, as de
Solla et al. (1999) point out, eliminating autocorrelated fixes from a data set not only reduces the
sample size, but may also limit the biological significance of the analysis if autocorrelation is
intrinsic to the movement patterns of the animal. I assumed dugong location fixes were sequentially
independent and relatively free from autocorrelation errors on the basis of: (1) the LSM fixes were
spread out in space and time; (2) the large number of fixes used to construct kernel home ranges
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possessed a relatively constant time interval between successive locations which reduces
independence biases (Marzluff et al. 2004); and (3) a large proportion of each animals’ fixes
occurred over intertidal seagrass meadows that were available to a foraging dugong only twice per
day during high tide. This tidal periodicity drives dugong movement within core habitats and
spaces sequential location fixes.

To identify the salient characteristics of the diving behaviour of dugongs undertaking LSMs, the
dive data for animals tracked via PTT/GPS collected using Mk7 and Mk9 TDRs were downloaded
and processed using the software program Multitrace (Jensen Software Systems, Laboe, Germany)
following Chilvers et al. (2004). This procedure enabled a dive profile to be matched to each LSM.
Such matching was not possible for the animals fitted with the PTT tags only because of the low
number of location fixes.
The distance and bearing of each LSM was calculated using the AMAE program (Hooge and
Eichenlaub, 1997). Student's t-tests were used to test for relationships between dugong gender and
LSM factors, and to examine differences between data collected by PTT versus PTT/GPS
telemetry. Correlation matrices were constructed to test for potential relationships between all
factors. To avoid psuedoreplication, only the longest LSM for each individual animal was used for
the analysis. All statistical analysis was conducted using the Statistica program version-6 (StatSoft,
Inc., 2001). Raw data from the 13 dugongs PTT-tracked in Moreton Bay by Preen (1992) and the
six dugongs PTT-tracked in Cleveland Bay by Marsh and Rathbun (1990) were unavailable for
establishing LSM criteria.
All statistics are reported + standard errors unless other wise indicated.
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Figure 4.1. Sample of the Queensland coastline and the Southern Urban GBRWHA, from Shoalwater Bay to
Cleveland Bay. Overlaid is the Grech and Marsh (2007) aerial survey model of dugong population density
based on aerial survey data over 20 years. Inset frequency histogram of the model grid cells shows how the
model was arbitrarily divided into low-density 1 km2 cells of <0.1 to 0.1 dugongs and high-density 1 km2
cells of 0.1 – 9.9 dugongs. Areas of highest dugong density per km2 created discrete population patches
(indicated on the map by red patches). Inset square is a close up of the model in the Shoalwater Bay Dugong
Protection Area-A (light-blue striped polygon) with the population spatial model (red 2 x 2 km2 blocks) and a
representative bimodal kernel home range of a dugong that was satellite-tracked for 136 days with 294 GPS
location fixes. The maximum width of the 95 % home range is 13.6 km, compared to the mean maximum
width of 15.9 km (± 4.4 se) for all 20 tracked dugongs. 1470 km2 (71 %) of the high-density dugong
population patches along the urban Queensland coast occurred within a Dugong Protection Area. These
Dugong Protection Areas were designed to protect dugongs at a regional scale.
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4.2. Results
4.2.1.

The scale of the patchiness of dugong populations along the urban coast of Queensland

Analysis of the dugong aerial survey data indicated that at regional-scales dugongs selected
habitats along the urban Queensland coast within individual bays. At the landscape level (> 1000
km) high-density patches of dugong populations (relative density: 0.1 – 9.9 dugongs km2) had a
mean area of 77 km2 (± 4 s.e.). Within a total study area of 38 000 km2 I identified twenty-seven
high-density population patches. Only seven high-density patches coincided with areas of exposed
coastline and six of these were < 10 km2 (Figure 4.1). The total combined area of high-density
patches for dugongs along the urban coast of Queensland was 2076 km2. The average shortest
distance between high-density population patches (edge to edge) was 19 km with a maximum
distance of 161 km. 1470 km2 (71 %) of the high-density dugong population patches along the
urban Queensland coast occurred within a Dugong Protection Area.

4.2.2.

Defining large-scale movements (LSMs)

When a dugong was undertaking an LSM, its satellite housing was pulled horizontally through the
water. The antenna was underwater and unable to communicate with the satellites while the dugong
was swimming. In contrast, when the animal was moving slowly around its core area(s), the
cylindrical housing was vertical and the antenna was often above the surface and transmitted more
frequently. This combination of qualitative behavioural differences and technological constraints
explains why I obtained far more location fixes from foraging dugongs (24.6 ± 0.2 PTT/GPS fixes
per day) than travelling dugongs (2.9 ± 0.5 PTT/GPS fixes per day). Between one and seven
location fixes (mean = 3.4, se = 0.6) from each PTT-tracked dugong were deleted using the
location error filter.
When a dugong embarked on a LSM, I usually obtained a location fix at each end of the journey
and few, or no, fixes along the way. This phenomenon can be seen in the frequency histograms of
distance between consecutive locations, which fall off sharply around 15 km, suggesting that
longer moves are relatively rare (see Figure 4.2.C for a representative example). This difference
provided a convenient spatial threshold for defining a dugong LSM as a movement greater than 15
km, a figure comparable to but slightly greater than the mean maximum 95% kernel home range
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diameter of 11.0 km ± 1.5 for the 37 dugongs that undertook a LSM. Thus, a movement of > 11 km
constituted a step outside the usual core foraging area.
Predicted squared displacements calculated using the CRW model were compared with observed
dugong movements using a paired-sample t-test conducted on observed and predicted slopes. The
paths of 21 dugongs exhibited classic CRWs (see Figure 4.2.D for a representative example) and
15 were slightly overpredicted by the model (t = -4.91, d.f. = 35, p = <0.001). In the latter case, the
2

observed trajectories lay below the expected R n (or covered less distance for a given number of
moves) than predicted by the CRW model.

2

The mean difference between the expected R n and a random walk for all animals was - 0.41 ±
0.06 (n = 36), which implied that the observed dugong movements exhibited preference for a
region. While the tracked dugongs made intensive use of core habitats at local scales (< 100 km2),
they also made LSMs at larger scales (> 5000 km2) which were not adequately described by the
CRW model. Therefore, I used fractal analysis to define transitions of scale in dugong movement
paths.The plots of the fractal dimension (D) and correlation of cosines for PTT and PTT/GPS
tagged animals all exhibited a discontinuity against spatial scale at approximately 8 – 10 km (mean
fractal D = 1.22 ± 0.02, mean cos = 0.06 ± 0.04, n = 36) (see Figures 4.2.D and 4.2.E for
representative examples). Micro-scale movement patterns below 8 – 10 km were tortuous (with a
concomitant rise in D and a positive correlation) as the animal foraged around its core habitat areas
(as predicted by the CRW model). Above this threshold, the movement paths were more linear as
the animals embarked on LSMs between foraging sites; the D decreased sharply and the correlation
returned to zero, suggesting a transition of movement behaviour between these two domains of
scale.
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Figure 4.2: (A) Location fixes, meso-scale movement patterns and harmonic mean grid for Bul'la, a 2.9 m-long male tracked in Hervey Bay,
Queensland during July-August 2004. Note the clusters of location fixes in the lower mean proportion cells. (B): Kernel home range contours calculated
using the fixes identified in the core habitat circled in figure A. (C): Histogram of distance between consecutive location fixes for Bul'la, tracked using
GPS (note log-scale on y-axis) (D): Plot of Correlated Random Walk (CRW) test for Bul'la's movement path showing CRW behaviour, implying that
this dugong’s movements are random. Dashed line represents predicted values, dotted line observed values. Upper and lower solid lines represent 95%
confidence intervals. (E): FractalMean D of Bul'la's movement path. (F): Plot of correlations of successive cosines for Bul'la's movement path, which
compares correlation of tortuousities of adjacent path segments versus scale. Note discrete disjunctions in plots E & F around the 8000 m mark indicated
by a vertical line. On a small scale (<8 km), this dugong moved with the tortuous correlated random walk shown in plot D as it foraged around core
habitat areas, giving an increasing Distance2 and Fractal D. On a larger scale (>8 km), it travelled with a straighter path, giving a decreasing D (plot E)
and a correlation of cosines tending back towards zero (plot F). Hence, a transition between two domains of scale occurs at the discontinuity of 8 km,
where the animal moved out of its core foraging area during a long distance move.
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Considering all these factors together, I conservatively defined a LSM as any "displacement
between two consecutive stopping points" (Turchin 1998) greater than 15 km during the entire
spatiotemporal record of the tracked animal (path). Dugong LSM paths were multidirectional and
of varying lengths, unlike the sustained, north-south seasonal migrations of manatees (Deutsch et
al. 2003b). Therefore, a stopping point was designated when an animal paused at a core habitat
previously identified by the harmonic mean and kernel home range analysis or remained stationary
for > 5 hours. Biologists studying moose, Alces alces another long ranging mammalian herbivore,
have suggested a similar definition for a long-distance movement as a one-way movement that
exceeds 10 – 12 km (Fuller and Keith 1981, Sandgren and Sweanor 1988). I further arbitrarily
delineated a dugong LSM into meso-scale movements (moves 15 – 100 km) and macro-scale
movements (moves > 100 km). Micro-scale movements (< 15 km) occurred as tidally-driven
foraging and commuting movements between and within seagrass beds, e.g. around the Burrum
Heads seagrass meadows of Hervey Bay, Queensland. Meso-scale movements occurred as localscale trips between core habitat hotspots (home ranges) within bays, e.g. Burrum Heads to Kauri
Creek in Hervey Bay, Queensland (Figure 4.2.A). Macro-scale movements occurred as regionalscale trips between bays, e.g. Hervey Bay to Shoalwater Bay (Figure 4.3). The > 15 km definition
of an LSM was close to the 19 km average shortest distance between high-density patches of
dugong populations identified from the aerial survey data. The maximum distance between highdensity patches of dugong populations (161 km) would have required a macro-scale LSM to
traverse.

4.2.3.

Frequency of large-scale movements

Forty-four dugongs out of the 70 tracked made a LSM as defined above. Of these, 28 made a mesoscale LSM and 14 made a macro-scale LSM (Table 5.1 and Figure 4.3). More than half of the 70
dugongs (52.5 %) made at least one LSM within 40 days of tracking. Fifteen of the 70 dugongs
(21.4 %) made more than two LSMs within a two-month tracking period. The maximum recorded
distance moved by a dugong from its capture site was not correlated with the duration of tracking (r
= 0.06, d.f = 36, p = 0.72) and some animals were sedentary even though they were tracked for
long periods. For example, the immature-sized male that was VHF tracked for 483 days remained
within 10 km of his capture (and recapture) site in Cleveland Bay (only 68 locations were recorded
from this animal, so it is possible that short-term movements out of Cleveland Bay were missed.)
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Starcke
River

C

Figure 4.3: Map of the Queensland and Northern Territory coast of Australia, showing tagging sites (circled)
and examples of macro-scale moves from three dugongs: (A). "Doreen" a female who moved from her
capture site at Borroloola 335 km east to Forsyth Island in 1994. (B). "MT" a female who moved from the
capture site around Hinchinbrook Island 560 km north to Princess Charlotte Bay in 1997. (C). "Wunai" a 1.9
m male who moved from the capture site in Hervey Bay 513 km north to become resident around Clairview
in 2003.

4.2.4.

Nature of large-scale movements

The timing, distance, duration, speed and direction of LSMs were peculiar to each dugong. The
maximum distances moved by a dugong in a single LSM (measured as the shortest distance by
water between the two most widely separated beginning and end location fixes) were extremely
variable. Seven dugongs (18.9 % of the total which made LSMs) moved > 200 km, while 14 (38.9
%) moved > 100 km and more than 50 % moved > 50 km. The mean single LSM distance covered
by the 44 dugongs was 84.6 ± 8.6 km (min = 15, max = 560, median = 54), with a mean time
travelling of 68.3 ± 6.1 h (min = 8.3, max = 400.7, median = 44.2). Time taken to travel each
dugong's maximum LSM was significantly correlated with move distance for PTT location fixes
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only (r2 = 0.44, d.f. = 19, p = 0.001), PTT/GPS location fixes only (r2 = 0.78, d.f. = 16, p = <0.001)
and all location fixes: (r2 = 0.54, d.f. = 36, p = <0.001) (Figure 4.4.A, Table 4.2). The total number
of location fixes received for each individual dugong was significantly correlated with total number
of days tracked for PTT only (r2 = 0.24, d.f. = 19, p = 0.03) and PTT/GPS tracked animals (r2 =
0.35, d.f. = 16, p = 0.01). Considerably more fixes were acquired in a shorter period of time for
PTT/GPS tracked animals than those tracked via PTT only (Figure 4.4.B).
LSMs were rapid and apparently directed. Average minimum travelling speeds recorded for
PTT/GPS tagged animals (meso-scale movements = 1.3 ± s.e. 0.11 km/hr, min = 0.3, max = 3.0;
macro-scale movements = 1.1 ± s.e. 0.09 km/hr, min = 0.8, max = 1.3) were high in comparison
with the speeds recorded by dugongs making micro-scale moves (< 15 km) while foraging around
core habitat hotspots (0.4 ± s.e. 0.004 km/hr, min = 0.0006 max = 3.0). Minimum mean daily
distance travelled during a meso-scale move was 31.8 ± s.e. 2.67 km, min = 6.2, max = 71.7.
Minimum mean daily distance travelled during a macro-scale move was 25.9 ± s.e. 2.23 km, min =
18.8, max = 30.7. LSM travelling speeds were not correlated with either move distance (r2 = 0.02,
d.f. = 16, p = 0.57) or move time (r2 = 0.04, d.f. = 16, p = 0.24).
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Figure 4.4: A. Plot of maximum move time for each individual dugong against maximum move distance
grouped according to telemetry type. B. Plot of total number of location fixes received for each individual
dugong against total number of days tracked grouped according to telemetry type.

As explained above, most of a LSM typically occurred between two successive satellite fixes. I
often failed to receive signals from a transmitter for several days and recorded the next location fix
> 100 km away from the last fix (particularly for PTT tags). An adult female tagged at
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Hinchinbrook Island was not located for nine days, after which she was recorded approximately
520 km from the tagging site in Princess Charlotte Bay on Cape York Peninsula (Figure 4.3.B).
There were some exceptions to the low average number of location fixes per LSM. For example, I
obtained 11 location fixes for Bulla, a 2.9 m-long adult male, during his meso-scale LSM down the
Great Sandy Strait near Hervey Bay and 37 during the return trip following his 20 day residency at
Kauri Creek (Figure 4.2.A). His tortuous 18.7 and 55.9 hour 81 km journeys necessitated
navigating through numerous small islands, shoals and shallow intertidal seagrass meadows. The
satellite tag was presumably often at the surface and able to transmit location fixes acquired during
each LSM (even though the animal was travelling rapidly; 3.0 km/h). A likely explanation is that
the animal frequently paused in its travels (perhaps to feed, orient or rest) long enough for GPS
fixes to be taken. In comparison, no location fixes were obtained when this dugong travelled
through deep water on its way from Burrum Heads to Big Woody Island, at the mouth of the Sandy
Strait.
Dugongs apparently do not stop to feed or rest for significant periods while on these journeys, even
though they often pass by areas where significant seagrass resources are available. For example, a
1.9 m long male animal (‘Wunai’) was PTT/GPS tracked in Hervey Bay in July 2003. Two days
following tagging, the animal left the bay and was not located again for eight days, after which he
was found 350 km north at Port Clinton. Eight days later Wunai left Port Clinton and was relocated
a further 135 km north at Clairview, where he was resident for the remainder of the tracking period
(51 days, Figure 4.3.C).
The likelihood of a dugong engaging in a LSM and the scale of that movement appeared to be
independent of the demographic category of the dugong. Some males, females and females with
calves travelled macro-scale distances of over 200 km, while other individuals within each
demographic group moved in micro-scales less than 15 km within the tracking period. Body length
had no apparent influence on frequency or characteristics of LSMs. The mean time of the first LSM
post-capture for all animals was variable (mean = 33.4 ± s.e. 10.3 days, min = 0 days, max = 271.6
days), suggesting that most animals did not undertake a LSM in response to being captured. Mean
times varied according to capture location, with dugongs captured off Burrum Heads leaving for
their first LSM much earlier (mean = 4.1 ± s.e. 2.0 days, N = 17) than those captured around
Hinchinbrook Island (mean = 102.5 ± s.e. 31.1 days, N = 11)

4.2.5.

Relationship between movement and sea temperature
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Dugongs rarely travelled far from the coast (mean max distance = 12.8 ± s.e. 1.3 km), however,
there were exceptions. The meso-scale movements of at least 13 dugongs captured close to the high
latitude portion of the dugongs’ range on the Australian east coast in winter seemed to be prompted
by water temperature. During July and early August of 2003 and 2004, six dugongs made an 80 km
direct LSM across the middle of Hervey Bay (-25.22oS, 152.69oE, Figure 4.5.A and 4.5.D). The
animals travelled from their capture location at Burrum Heads to the deep water at the
northernmost tip of Sandy Cape, Fraser Island; the one-way trip took two to six days to complete.
Once off Sandy Cape, they spent an average of ten days moving slowly about a small area (< 40
km2), sometimes less than 100 m off the shoreline, before either returning to Burrum Heads or
travelling down Great Sandy Strait. A preliminary seagrass survey conducted off Sandy Cape with
a grab sampler indicated a general absence of seagrass food resources, most likely a consequence
of the unstable benthic sediments.
Analysis of sea surface temperatures (SST) for the region acquired via a NOAA thermal imaging
satellite (http://www.aims.gov.au/pages/remote-sensing.html) show that during July, Hervey Bay
effectively acts like a giant 'cup' of cold water; isolating water cooled by the coastal winter air from
the warmer southerly East Australian current (Figure 4.5.A and 4.5.D). Mean daily SSTs in the
inshore region of Burrum Heads (where dugongs were tagged) in the beginning of July 2003 and
2004 (when dugongs began making meso-scale LSMs to the outer bay) averaged 19 oC; benthic sea
temperatures recorded off Burrum Heads by scuba divers conducting seagrass surveys at the same
time averaged 16 oC (Sheppard, pers. obs.). These temperatures are lower than the SSTs of 21 oC
recorded for waters around Sandy Cape. Temperature loggers incorporated into the GPS tags and
the TDR units recorded congruent temperature variances (Figure 4.5.C and 4.5.F). Once SSTs in
the Bay began to warm from mid-August, the tracked dugongs no longer made LSMs to Sandy
Cape. Dugongs in Hervey Bay and Moreton Bay in Queensland, as well as Shark Bay in Western
Australia (Marsh et al. 1994), seem to respond to a water temperature threshold of 17 – 18 oC,
below which they undertake meso-scale thermoregulatory movements.
In Moreton Bay, Queensland, at the high latitude extreme of the dugong’s area of occupancy on the
east coast of Australia, dugongs were able to make micro-scale movements of about 10 km to
escape the cold winter temperatures in the bay. During winter 1988-89, all six tracked dugongs left
the bay at some stage. They moved through South Passage to where the waters of the East
Australian current were > 5 oC warmer than the 17 – 18 oC water in the bay. The dugongs regularly
rode the currents in and out of the bay to move between cool water feeding areas and warm water
resting areas (although none made meso or macro-scale movements). No tracked animals were
recorded leaving the bay during spring or summer (Preen 1992).
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Figure 4.5: (A.) Burando, a 2.7 m male tagged in Hervey Bay during July 2003, made this 79.1 km, 4.2-day meso Large Scale Movement
(LSM) from the capture site at Burrum Heads to Sandy Cape. The move is superimposed over Sea Surface Temperature (SST) measurements
for Hervey Bay from a NOAA thermal imaging satellite at the start of the move (note temperature gradient across the Bay and the lack of
location fixes between start and end points). (B.) Projected bathymetric profile of the move if the animal followed a straight-line trajectory
from start to end fix across the Bay. (C.) Maximum dive depth and temperature profile of the LSM as recorded by the TDR. (D.), (E.) & (F.)
The LSM, SST and dive characteristics of the return trip back to Burrum Heads. Note the position of 15 fixes obtained during the return
move marked as A and B on Figures (D.) and (F.).
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The first animal tagged by Marsh and Rathbun (1990) in Cleveland Bay in 1986 may also
have made one meso-scale LSM in response to a 2 oC sea temperature drop during an
unseasonable cold front. The animal travelled rapidly from Upstart Bay to its original capture
location, even though the temperature in Upstart Bay (> 27 oC) was well within the thermal
tolerance range of dugongs. The motivations and cues driving the LSMs of the other 31
dugongs are unknown.

4.2.6.

Diving behaviour during long distance movements

The mean proportion of travelling time spent on the surface (defined as < 1.5 m depth, see
Chilvers et al., 2004) during a LSM for nine dugongs was 15.7 ± s.e. 2.3 %, suggesting that
dugongs travel through the water column rather than at the surface (Table 4.3). Analysis of
the dive profiles of these animals show repeated deep dives are made along the travel route
(Figure 4.6). A male that made a return 290 km macro-scale LSM from Burrum Heads north
to Great Keppel Island in July 2003, made consecutive 5-minute deep dives up to 27 m for the
15 days it took to make the initial journey (Figure 4.6). He dived to 33.5 m on the twelve day
return trip. The regular U-shaped profile of these dives suggests that they were to the seafloor;
however, this cannot be substantiated because the paucity of location fixes acquired during
the LSM precludes matching the depth of the dive to the bathymetric depth at its location.
Dugongs travelling to and from Sandy Cape made similar regular deep dives as they travelled
across the middle of Hervey Bay (e.g., Figure 4.5.C and 4.5.C), with one animal making a 5minute dive to a maximum of 36.5 m. The dive depths of sedentary dugongs around core
habitat areas (i.e. within the kernel home range) were generally shallow (< 3 m), because of
the shallow bathymetry of intertidal foraging sites (similar to Chilvers et al., 2004).
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Figure 4.6: Sample of dugong Bumkaman's dive profile (4.5 hours) during his 284 km Large
Scale Movement from Burrum Heads to Great Keppel Island. Note repeated 5-minute dives to >
21 m.

4.2.7.

Home range size

The 95 % kernel home range size of individual dugongs varied from 0.5 km2 for a sedentary
dugong with high site fidelity to its core habitat to 733 km2 for an animal that ranged widely
(Figure 4.7). Home range size was correlated with maximum LSM length for PTT-tracked
animals (r2 = 0.55, d.f. = 19, p = <0.001) but not GPS-tracked animals (r2 = 0.02, d.f. = 16, p
= 0.58). Home range size was not a function of the number of days an animal was tracked (r2
= 0.06, d.f. = 35, p = 0.16) or the number of location fixes recorded (r2 = 0.09, d.f. = 35, p =
0.07) (Table 4.2).
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Home range location

Figure 4.7: Mean ± 95% kernel home range sizes for all dugongs organised according to home range
location and transmitter type.

Home range size varied with the geographic location where a dugong was resident (Figure
4.7). The mean home range size for dugongs resident off Burrum Heads was considerably
smaller (26.3 ± s.e. 12.4 km2) than those of animals resident around Hinchinbrook Island
(82.6 ± s.e. 17.9 km2) and Borroloola (280.3 ± s.e. 122.3 km2). Mean home range size was
consistently smaller for PTT/GPS (24.0 ± s.e. 11.0 km2) tracked dugongs and generally large
with considerable size variation (131.1 ± s.e. 27.9 km2) for PTT tracked dugongs. These
differences are presumably an artefact of the coarse-scale precision and resolution of PTT
location fixes compared to PTT/GPS, although the within-PTT kernel size variation also
suggests a geographic influence. In other words, kernel size was largely influenced by
geography, but variability at each site was affected by the coarse PTT location fix resolution.
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4.3. Discussion

4.3.1.

Heterogeneity of large-scale movements of dugongs

The 70 individual dugongs that were tracked for periods ranging from 15 to 551 days
exhibited a large range of individualistic movement behaviours; 26 individuals were relatively
sedentary while 44 moved distances of up to 625 km from their capture sites (Table 4.1 and
Figure 4.3). The animals that exhibited these large-scale movements were from all age-sex
classes including cows with calves (Table 4.1). At least some of the movements were return
movements, suggesting that such movements were ranging rather than dispersal movements.
Macro-scale (> 100 km) and meso-scale (15 – 100 km) movements were qualitatively
different from micro-scale movements (< 15 km). Although at least some of the large-scale
movements of animals caught at locations close to the high latitude limits of the dugong’s
range in eastern Australia were movements to warm-water habitat, animals caught in the
tropics also undertook large-scale movements without such thermal benefits.

Minimum mean daily travelling rates for dugongs during meso-scale LSMs (31.8 ± s.e. 2.67
km, this study) were comparable to the rates of travel of Florida manatees during their
southward autumn (33.5 ± sd 7.6 km) and northward spring (27.3 ± sd 10.5 km) migrations
(Deutsch et al. 2003b). However, the maximum recorded speed of a PTT/GPS - tracked
dugong undertaking a meso-scale LSM (3.0 km/h) was slightly lower than that of a Florida
manatee (3.6 km/h) (Deutsch et al. 2003b).

4.3.2.

Nature of dugong long distance movement behaviour

i. Coastal fidelity

With the exception of the six animals that travelled across the centre of Hervey Bay to Sandy
Cape (e.g., Figure 4.5.A), the large-scale movements documented here were coastal - the
tracked dugongs rarely venturing more than 20 km off the coast. The dugong’s dependence on
seagrass for food (Heinsohn and Birch 1972, Lipkin 1975, Marsh et al. 1982, Preen 1995b)
limits them to coastal waters but dugongs are frequently sighted much further from the coast
than 20 km on aerial surveys (Marsh and Saalfeld 1988, Marsh et al. 1997, Marsh and Lawler
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2002, Gales et al. 2004). A plausible explanation for dugongs following the shoreline on most
long distance movements is that it is generally the shortest distance between origin and
destination (as was crossing the centre of Hervey Bay).

Dugongs may also be using the coastal geomorphology to navigate using visual, magnetic,
chemosensory or tactile cues. Dugongs possess the most developed sinus hairs of any animal,
especially on the muzzle (Kamiya and Yamasaki 1979, Marshall et al. 2003). This sensitive
bristle array may allow travelling dugongs to exploit geomorphic variations in the benthos as
an orientation aid. Presumably such assistance would not be available to dugongs crossing
deep oceanic water (> 4 km deep) where the bottom is well beyond their known or likely
diving ability (Marsh et al. 2002).

ii.

Deep diving

The hypothesis that dugongs find their way around coastal areas by tracking the bottom is
supported by the TDR evidence that travelling dugongs make repeated deep dives
(presumably along the sea floor) (Figure 4.6, Table 4.3). In addition to the hypothesis that
such dives are an orientation aid, there are other explanations for a dugong undertaking deep
dives during a large-scale movement. The coastline where this behaviour was observed is
generally bereft of suitable seagrass food resources (e.g. the exposed and often rocky shores
between Bundaberg and Port Clinton) suggesting that these were not foraging dives. Such
behaviour may be an anti-predator strategy. Sharks, the primary predator of dugongs, often
surprise-attack from below (Heithaus et al. 2002, Heithaus et al. 2007). Migrating green
turtles (Hays et al. 2001) and foraging elephant seals (Crocker et al. 1997) exhibit similar
subsurface swimming or resting behaviours, which may reduce the visibility of their
silhouette against the surface to hunting sharks.

Alternatively, dugongs may travel along the sea floor to save energy, despite the energetic
cost of travelling to the surface every 5 min or so to breathe. Compared with many other
diving mammals (e.g. elephant seals: Hindell et al. 1991 and Weddell seals: Watanabe et al.
2003), dugongs operate in very shallow water, and so diving costs to the benthos may be
energetically negligible. In currents, fluid dynamics exert less drag in the boundary layer just
above the benthos than in the water column. Travelling dugongs may be countering the drag
from tidal flows and oceanic currents by swimming in this manner. This energy conserving
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behaviour has been observed in migrating elvers in experimental flume tanks (Barbin and
Krueger 1994), as well as in fish inhabiting natural reefs (Fulton et al. 2001). However, to
verify that a dugong is tracking the bottom, the depth of a dugong's dive must be matched
with the bathymetry to determine whether the animal is on the sea floor rather than suspended
in the water column. The animal’s location then must be matched with the water speed and
flow direction to judge whether bottom-tracking is energetically viable. Unfortunately even
using PTT/GPS transmitters, few location fixes were obtained during LSMs, making it
impossible for me to test such hypotheses.

4.3.3.

Stimuli for long distance movement behaviour

i. Thermal regulation
Seasonal movements in response to low water temperatures are an important feature of the
movements of Florida manatees that live at relatively high latitudes (Layne 1965, Hartman
1979, Reynolds and Wilcox 1985, 1994, Weigle et al. 2001, Deutsch et al. 2003a, Deutsch et
al. 2003b). Dugongs are also sensitive to water temperatures below about 18oC (Anderson
1986, Preen 1989, Marsh et al. 1991, Anderson 1994, Lanyon et al. 2005). I tracked six
dugongs making repeated return meso-scale 80 km movements across Hervey Bay in winter
(e.g., Figure 4.5.A and 4.5.D) to the warmer oceanic waters off Sandy Cape, despite the
apparent lack of suitable seagrass meadows in the area and the high numbers of sharks
reported during aerial surveys. During winter, dugongs captured in Moreton Bay were also
found up to 15 km outside that bay in a region where water temperature is up to 5oC higher. In
Shark Bay, dugongs move from shallow inshore summer feeding areas to deeper offshore
water in winter where the temperature remains higher (Anderson 1986, Marsh et al. 1994,
Gales et al. 2004).
Preen (2004) sighted large tightly aggregated herds of dugongs in winter in the Arabian Gulf,
in contrast to their dispersed distribution in summer. He suggests that dugongs may aggregate
around thermal springs in winter, which would entail large-scale movements of approximately
400 km from the summer habitats. Dugongs are seen in New South Wales coastal water in
summer to about 27 oS but not in winter (Allen et al. 2004), suggesting that these animals
move back to Queensland waters when the water temperature drops. Thus, there seem to be
two types of large-scale movements in response to water temperatures below about 18 oC:
meso-scale movements to warm-water habitats without seagrass (e.g. movements across
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Hervey Bay or out of Moreton Bay) or macro-scale seasonal movements to seagrass beds in
warmer waters such as those that occur in Shark Bay or along the NSW - southern
Queensland coast. This delineation of movement behaviours is analogous to Florida
manatees, which make macro-scale migrations in winter to southern Florida where warmer
waters prevail. Florida manatees also make meso-scale movements to warm-water refuges
(springs, power plants) in proximity to seagrass beds, where they commute between foraging
and thermal areas (Deutsch et al. 2003b).

ii. Spatiotemporal heterogeneity of seagrass food resources

Dugongs are primary consumers and seagrass specialists (Heinsohn and Birch 1972, Marsh et
al. 1982, Lanyon et al. 1989, Preen 1995b). Hence, dugong distribution is constrained by the
availability of suitable seagrass beds. Seagrass meadows vary across bathymetric, nutritional
and seasonal gradients (see Short et al. (2001) for reviews) and are subject to large-scale
periodic diebacks (e.g. Preen et al. 1995, Preen and Marsh 1995). Grazing herbivores
typically adjust their densities and vegetation utilization patterns based on the productivity
potential of their food sources, aggregating where the potential is high and dispersing from
areas where that potential is low (McNaughton 1984). Consequently, it is reasonable to expect
that dugongs have evolved to cope with the unpredictable and patchy nature of seagrass by
moving to alternative areas known to have adequate food resources in the past.

Knowledge of the spatiotemporal distribution of preferred food resources should enable
foraging dugongs to better exploit their heterogeneous environments. My tracking data
suggest that dugongs maintain a spatial memory of specific habitat hotspots – patches of
quality seagrass food resources, which they visit periodically. Dugongs may use these visits to
monitor the quantity and quality of food resources, balancing the net rate of energy gain from
the current patch with the potential energetic costs and benefits of moving to another
meadow. Movements of Florida manatees also appear to be influenced by seasonal and
regional fluctuations in biomass and nutritional content of their principal forage plants.
Individual Florida manatees also exhibit high site fidelity to areas of core habitat (Weigle et
al. 2001, Deutsch et al. 2003b).

4.3.4. Extreme climatic degradation of seagrass food resources
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As explained in Chapters 2 and 5, seagrasses are vulnerable to extreme episodic weather
events such as cyclone and floods. These events can result in the loss of hundreds of square
kilometres of seagrass from wave action, shifting substrates, adverse changes in salinity, and
increased turbidities resulting from increased runoff and river flooding (Heinsohn and Spain
1974, Kenyon and Poiner 1987, Preen et al. 1995, Preen and Marsh 1995, Poiner and Peterken
1996). For example, in 1992, more than 1000 km2 of seagrass were lost from Hervey Bay,
Queensland following two floods and a cyclone in quick succession, reducing the local
dugong population from 1700 dugongs to approximately 630 (Preen and Marsh 1995). Some
animals appeared to survive by successfully relocating to other localities such as Moreton Bay
(-27 oS) 400 km to the south (although the evidence for this is anecdotal) and there were
increased reports of dugong sightings in New South Wales. Two dugongs were found
drowned in shark control nets south of Sydney (-34 oS), more than 500 km south of Moreton
Bay (Preen and Marsh 1995, Allen et al. 2004). The dugongs remaining in the Hervey Bay
region stopped breeding and many died of starvation 6 – 8 months after the flooding event
(Preen and Marsh 1995).

Extreme climatic degradation of seagrass beds in the Ningaloo/Exmouth Gulf region of northwestern Australia by tropical cyclone Vance (category-5 intensity) in 1999 is the probable
cause of the rapid, large-scale increase in dugong numbers in Shark Bay, 400 km to the south
(Gales et al. 2004). Results from the 1987, 1991, 1996 and 2001 aerial surveys of Torres
Strait suggest that change in dugong population and distribution in these regions cannot be
attributed to natural increase in the absence of immigration. The reasons for large-scale
movements appear to be associated in part with large-scale episodic disturbance to habitat by
cyclones and floods (Marsh and Lawler 2002, Marsh et al. 2002, Marsh et al. 2004).

4.3.5.

Spatial memory of foraging patch distribution

Dugongs undertaking movements of several hundred kilometres often bypass known dugong
habitats. For example, two dugongs that moved north from Hervey Bay to Great Keppel
Island and Clairview respectively, passed by Rodds Bay, an area of high seagrass density 185
km north of Burrum Heads (Lee Long et al. 1993). Two animals tagged off Hinchinbrook
Island made one-day return ‘visits’ to Cleveland Bay, 150 km to the south. These animals did
not explore any known seagrass meadows along their travel route, nor did they spend any
length of time sampling the extensive meadows at their destination, which preclude

69

CHAPTER 4: Movement heterogeneity of dugongs over large spatial scales

exploratory foraging behaviour despite the high energetic cost of these moves. Florida
manatees also commonly bypass known habitats during their seasonal migrations (Deutsch et
al. 2003b).

Social cues may be driving these behaviours. For example, male dugongs may be following
oestrous females. Intraspecific social dominance hierarchies and competitive exclusion may
preclude subordinate animals from occupying certain seagrass habitats. A captive calf reared
into adulthood that was recently released into Moreton Bay was recaptured eight months later
very close to his release point, emaciated and covered with serious tusk wounds from other
dugongs (W. Blanshard pers com). Hodgson (2004) and Hodgson and Marsh (2007) directly
observed dugong herds in clear water in Moreton Bay over several months using a blimp
mounted video and saw no agonistic or territorial behaviour; there may have been no
newcomers during the observation period. Dugongs making short term visits to established
habitats may be maintaining information about other meta-herds and seeking out or
monitoring the status of bulls or oestrous females.

Another plausible explanation for dugongs bypassing seemingly high-quality habitat and for
the individual variability in the range of areas used by different individuals is that movements
are learned behaviours, reflecting the individual’s experience as a dependent calf. Support for
this hypothesis comes from Florida manatees (Deutsch et al. 2003b). Researchers have
tracked Florida manatee calves whose mothers were tracked some years earlier (Deutsch et
al., (2003b) and references therein). These calves exhibited strong fidelity to the same areas
used frequently by their mothers (Weigle et al. 2001, Deutsch et al. 2003b). In contrast, most
captive-raised Florida manatees released as subadults along the Atlantic coast did not
undertake seasonal migrations, despite migratory behaviour occurring in 87.5% of the wild
population (Deutsch et al. 2003b).
There is considerable observational data as well as some experimental evidence that spatial
memory also plays a role in the foraging behaviour of grazing terrestrial herbivores, such as
ungulates (Bailey et al. 1989, Gillingham and Bunnell 1989, Kotler et al. 1994, Edwards et al.
1996, Wallis de Vries 1996). Many species of large terrestrial herbivores have accurate spatial
memories and have the ability to use spatial memory to improve foraging efficiency
(Saarenmaa et al. 1988, Folse et al. 1989, Bailey et al. 1996, Edwards et al. 1996, Dumont and
Hill 2001).
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4.3.6.

Implications for management

My finding that dugongs frequently undertake LSMs has implications for management at a
range of scales, and strengthens the aerial survey and genetic evidence for management and
monitoring at ecological scales that cross jurisdictions (Marsh et al. 2002, Gales et al. 2004,
Marsh et al. 2004, Holley et al. 2006, Blair et al. in review). The government agencies
responsible for dugong conservation manage at geo-political scales. Thus the dugong
population of a single bay is often managed as a self-contained entity. Thus, for example,
aerial surveys of the dugong population of Moreton Bay were commissioned in response to
the outbreak of the toxic algae Lyngbya, initially without reference to the population of
nearby Hervey Bay (Marsh et al. 1990, Marsh and Lawler 2001). Clearly, with movement
between bays a common occurrence, estimates of population size and trends can only be
meaningfully made at regional scales. The capacity of large-scale monitoring programs to
detect trends in dugong numbers at scales of even thousands of km2 is confounded by the
dugongs’ tendency to undertake LSMs (Gales et al. 2004, Marsh et al. 2004). Conservation
actions implemented at smaller scales may not be sufficient to ensure the sustainability of
dugong populations. When developing strategies for dugong conservation, the dugong
population of any one bay should be considered not as an isolated entity but as a fluctuating
component of a spatially dynamic metapopulation.
The tendency for dugongs to track the bottom on large-scale movements may increase their
vulnerability to incidental capture in bottom set gill nets, suggesting that that strategy of
protecting dugongs in a string of separate Dugong Protection Areas in which netting practices
are modified or banned may not be as effective as previously thought (Marsh 2000). In
addition, if dugongs transfer their spatial knowledge of the location of quality food resource
patches to their offspring, then local depletions will lead to loss of this knowledge. Areas of
high quality seagrass may thus become unknown to dugongs. In the absence of grazing
pressure such areas may become less valuable as dugong habitat if the preferred early seral
stage species of seagrass convert to more fibrous species (Preen 1995b).

4.3.7. Chapter summary


Analysis of 20 years of historical aerial survey data indicated that high density (> 0.1
km2) dugong populations occur within an average area of 77 ± se 0.4 km2 within bays
along the urban coast of Queensland.
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Seventy dugongs were fitted with satellite PTTs and/or GPS transmitters in subtropical and tropical waters of Queensland and the Northern Territory, Australia.
Twenty-eight of the 70 dugongs were also fitted with time-depth recorders.



The dugongs were tracked for periods ranging from 15 to 551 days and exhibited a
large range of individualistic movement behaviours; 26 individuals were relatively
sedentary (moving < 15 km) while 44 made large-scale movements (> 15 km) of up
to 560 km from their capture sites.



Male and female animals, including cows with calves, exhibited large-scale
movements (LSM; > 15 km). Body length of travelling dugongs ranged from 1.9 to 3
m.



At least some of the movements were return movements to the capture location,
suggesting that such movements were ranging rather than dispersal movements.



LSMs included macro-scale regional movements (> 100 km) and meso-scale interpatch local movements (15 < 100 km) and were qualitatively different from tidallydriven micro-scale commuting movements between and within seagrass beds (< 15
km).



The mean macro-scale movement distance per individual was 243.8 ± s.e. 35.4 km (N
= 14 individuals that travelled > 100 km), with a mean travel time of 179.8 h ± s.e.
29.0. The mean meso-scale movement distance per individual was 49.7 ± s.e. 3.3 km
(N = 28 individuals that made movements of 15-100 km), with a mean travel time of
52.3 ± s.e. 7.1 h.



LSMs were rapid and apparently directed (mean travel speeds for GPS tagged
animals; meso-scale movements = 1.3 ± s.e. 0.11 km/hr, min = 0.3, max = 3.0; macroscale movements = 1.6 ± s.e. 0.16 km/hr, min = 0.8, max = 1.3).



Tracked dugongs rarely travelled far from the coast (mean max distance = 12.8 ± s.e.
1.3 km). Dive profiles from the time-depth recorders suggest that dugongs make
repeated deep dives while travelling rather than remaining at the surface, increasing
their likelihood of capture in bottom set gill nets.



Some animals caught in the high latitude limits of the dugongs’ range on the
Australian east coast in winter apparently undertook long distance movements in
response to low water temperatures, similar to migrational movements by Florida
manatees.



My findings that dugongs frequently undertake macro-scale movements have
implications for management at a range of scales, and strengthen the aerial survey and
genetic evidence for management and monitoring at ecological scales that cross
jurisdictions.
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Table 4.1. Capture location, transmitter and incidences of large-scale movements (LSMs) for the 70 dugongs satellite tracked in seven sites in Queensland (QLD) and the
Northern Territory (NT), Australia between 1986 – 2004.

Capture location

Lat/Long

Date of
deployment

Moreton Bay (QLD)

-27.33 S; 153.41 E

Hervey Bay (QLD)

-25.20 S; 152.65 E

Shoalwater Bay (QLD)

-22.37 S; 150.22 E

Cleveland Bay (QLD)

-19.28 S; 146.93 E

Hinchinbrook Is (QLD)

No. dugongs
tracked

Sex

Transmitter type

TDR

Days tracked

o

N dugongs
made LSM

Max individual
LSM range (km)

Reference
Preen, 1992
Preen, 1992
Preen, 1992

o

o

Jun-88
Oct-88
Jan-89

6
4
3

1M, 5F
2M, 2F
1M, 2F

PTT
PTT
PTT

-

32 - 70
20 - 88
59 - 66

6
0
0

15 to 20
-

o

o

Apr-02
Jul-03
Nov-03
Jul-04

1
7
3
9

M
5M, 2F
3M
7M, 2F

PTT/GPS
PTT/GPS
PTT/GPS
PTT/GPS

Mk7
Mk7
Mk7 & Mk9
Mk7 & Mk9

28
33 - 70
20 - 36
25 - 70

1
7
2
7

53.5
44.7 to 284.0
23.4 to 63.8
27.5 to 209.5

o

o

Mar-Sep-96
Jun-02

10
2

3M, 7F
2M

PTT
PTT/GPS

Mk4
Mk7

14 - 166
44 - 46

3
0

191.8 to 404.5
-

Preen, 1999

o

o

Oct-86
Mar/Apr-98

2
3

2M
3M

PTT/VHFPTT

-

63 – 483
111 - 142

1
3

140.0
57.5 to 153.5

Marsh and Rathbun, 1990
Preen, 2001a

-18.25 S; 146.19 E

o

o

May/Oct-97

10

2M, 8F

PTT

-

24 - 550

9

47.0 to 560.0

Preen, 2001a

Starcke River (QLD)

-14.50°S; 144.80°E

Nov-87

4

4M

PTT

-

32 - 94

0

-

Marsh and Rathbun, 1990

Borroloola (NT)

-15.58 S; 136.31 E

May-94
Oct-94

5
1

3M, 2F
F

PTT
PTT

Mk4
Mk4

114 – 199
150

4
1

37.4 to 362.5
40.4

1
2

o

o

1

2

Three females each had an attendant calf each
Eight females each had an attendant calf each
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Table 4.2. Correlation matrix of potential behavioural interactions characteristic of dugong large-scale moves (LSMs) (significant correlations in bold).

Total number days
tracked
Total number
location fixes

1
2

-

-

-

(GPS: r = 0.78 p=.000)
2
(PTT: r = 0.44 p=.001)

2

2

2

(r =0.01 p=0.62)

2

2

(r -0.04 p=0.23)

(r = <0.01 p=.69)

Move time

(r =<0.01 p=0.69)

Mean min. speed

(r =0.01 p=0.77)

Size core hotspot
95% Kernel

Mean max. dive
depth

Distance of largest
move

(GPS: r = 0.35 p=.013)
2
(PTT: r = 0.24 p=.027)

Distance of largest
move

Patch residency
time before largest
LDM
Proportion time
diving

Total number
location fixes

2

2

2

2

2

1

2

2

2

2

1

(r =0.14 p=0.14)

(r =0.06 p=0.16)

2

2

(r =0.09 p=0.07)

(PTT: r = 0.55 p=.000)
2
(GPS: r = 0.02 p=.58)

NA

NA

(r =0.01 p:0.62)

1

(r =0.01 p=0.85)

2

1

(r =0.02 p=0.71)

(r =0.14 p=0.32)

2

1

(r <0.02 p=0.57)
2

2

2

(r =0.31 p=0.12)

Move time

2

2

1

(r =<0.01 P=0.87)

2

2

1

(r =0.01 p=0.83)

2

Patch residency
time
before largest LSM
-

Proportion time
diving

-

Size core
hotspot 95%
Kernel
-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

2

(r =0.04 p=0.24)

1

1

2

(r =<0.01 p=0.93)

1

2

(r =0.05 p=0.39)

1

2

1

(r =<0.01 p=0.95)

2

1

(r =<0.01 p=0.96)

(r =0.03 p=0.30)
1

Mean min. speed

(r =0.03 p=0.66)
2

(r =<0.01 p=0.87)

1

2

1

(r =0.08 p=0.27)

2

1

(r =0.02 p=0.75)

2

(r =0.04 p=0.61)

1

2

1

-

2

1

(r =0.02 p=0.71)

2

1

(r =0.19 p=0.25)

(r =0.33 p=0.11)

-

2

1

-

2

1

(r =0.36 p=0.09)

2

1

Calculated using GPS location fixes only
Calculated using GPS and PTT location fixes
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Table 4.3. Dive profile characteristics of 22 large-scale moves recorded from nine individual dugongs.

Dugong ID
Bur'ando
Bur'ando
Wunai
Gul'awa
Gul'awa
Gul'awa
Gul'awa
Kal'ba
Kal'ba
Yuan'gan
Yuan'gan
Yuan'gan
Bunda
Bunda
Bunda
Bunda
Bunda
Bumkaman
Bumkaman
Gandhau
Gandhau
Wooinbum

1

Move Time
(days)
4.7
6.6
16.7
0.6
0.6
0.9
0.8
2.4
2.7
1.0
1.7
1.2
0.5
2.0
2.2
0.9
0.4
15.1
12.0
2.0
3.7
1.1

Distance
(km)
79.1
72.7
513.0
34.9
44.7
38.6
42.4
71.4
84.6
43.0
43.3
34.4
18.7
18.3
27.5
23.1
18.1
284.0
273.0
77.6
110.9
23.4

No. of
Dives
3206
4081
10298
444
449
549
466
1644
1619
875
1271
921
365
1212
1877
575
246
10797
7884
2566
3775
675

Time within
1.5m surface1
13:27:46
25:15:49
74:33:36
2:25:48
1:38:33
4:54:01
4:17:26
9:20:40
10:06:17
6:25:44
14:55:44
9:02:04
1:56:28
6:07:28
5:41:48
2:09:10
0:59:44
22:02:46
32:16:06
4:36:42
5:25:14
3:46:46

Total time
diving (>1.5m)
99:46:24
133:40:16
326:05:24
11:32:10
13:19:30
17:04:54
15:29:06
49:22:22
53:51:26
17:56:50
25:43:00
20:39:23
10:04:22
42:08:54
46:23:41
19:08:54
8:21:11
340:39:45
255:04:28
42:45:06
84:16:06
21:45:32

Proportion time within
1.5m surface (%)
11.9
15.9
18.6
17.4
11.0
22.3
21.7
15.9
15.8
26.4
36.7
30.4
16.2
12.7
10.9
10.1
10.6
6.1
11.2
9.7
6.0
14.8

Proportion time
diving (%)
88.1
84.1
81.4
82.6
89.0
77.7
78.3
84.1
84.2
73.6
63.3
69.6
83.9
87.3
89.1
89.9
89.4
93.9
88.8
90.3
94.0
85.2

Mean dive
time ± s.e.
01:52± :02
01:58± :02
01:54± :01
01:26± :04
01:47± :04
01:52± :04
02:00± :05
01:48± :03
02:00± :03
01:14± :02
01:13± :02
01:21± :03
01:40± :06
02:05± :04
01:39± :02
02:00± :05
02:02± :07
01:48± :01
01:54± :01
01:00± :01
01:19± :01
02:03± :04

Max.
dive time
09:20
08:14
10:30
06:40
07:32
09:56
08:28
08:48
11:04
06:00
04:46
05:16
06:50
07:16
07:26
06:38
06:16
07:50
07:46
07:16
07:58
09:10

Max. dive
depth (m)
33
33
24
16
20
18
13
27
29
12
16
24
19
21
19
13
17
27
35
24
27
14

Mean dive depth
(m) ± s.e.
5.8 ±0.1
7.2 ±0.1
4.3 ±0.0
4.4 ±0.2
5.3 ±0.2
4.0 ±0.1
4.1 ±0.1
4.9 ±0.1
4.0 ±0.1
3.6 ±0.1
3.7 ±0.1
3.4 ±0.1
5.0 ±0.3
6.6 ±0.2
4.7 ±0.1
4.7 ±0.1
6.6 ±0.3
4.4 ±0.0
5.7 ±0.1
4.5 ±0.1
5.6 ±0.1
3.7 ±0.1

Total hours, minutes and seconds
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CHAPTER 5.
A seagrass meadow as pasture for seacows: landscape–level
dugong habitat evaluation

Defining key habitats is one of the most important topics of sirenian research. Information is
required on the composition and configuration of the specific seagrass meadows that dugongs
target. Understanding the spatial dynamics and nutrient characteristics of seagrass
communities is essential for predicting patterns of habitat use by selectively feeding dugongs
and for the effective management of seagrass resources. A 24 km2 seagrass meadow in Hervey
Bay, Queensland, Australia was confirmed as important dugong habitat by satellite tracking. I
used marine videography, Near-infrared Spectroscopy (NIRS) and Geographic Information
Systems (GIS) to survey, analyse and map the seagrass species composition, nutrient profile and
patch structure within the habitat at high resolution (200 m). The survey and analytical
techniques I used enabled rapid, economical and accurate quantification and characterisation
of seagrass habitat at scales relevant to a large forager and at scales where management
activities can be effective.
Chapter 5 has been published as: Sheppard, J.K., Lawler, I.R., Marsh, H., 2007. Seagrass
as pasture for seacows: landscape–level dugong habitat evaluation. Estuarine, Coastal &
Shelf Science. 71: 117-132.
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5.0.

Introduction

Many hypothoses of the nutritional ecology of large mammalian grazers have been adapted from
agricultural research (for reviews see Senft et al. 1987, Coughenour 1991, Demment and Laca
1994, Bailey et al. 1996, Hobbs 1996). The influence of habitat quality on the performance of
large mammalian grazers has long been recognized (e.g., Klein 1969, Milne 1991b, Manseau et
al. 1996, Wallis de Vries 1996, Wilmshurst et al. 2000). As described in Chapter 2, grazers may
select habitats which provide the greatest nutritional return for foraging effort (Emlen 1966,
Belovsky and Jordon 1978, Belovsky 1990). For example, McNaughton (1990) showed that
large mammalian grazers aggregated in areas of African rangeland where grass nutrient
concentrations were highest. Hence, determining the factors influencing habitat selection by
large grazing mammals is a critical step in evaluating the productivity of an agricultural pasture
system or the carrying capacity of a natural habitat.
The fitness and population dynamics of large mammalian grazers can only be understood within
the context of food availability, e.g. the functional response, irrespective of one’s stance on the
controversial food limitation hypothesis. At its most basic level, the food limitation hypothesis
states that the equilibrium of a population of herbivores is directly governed by the biomass of
food plants, rather than predation, parasitism or disease (e.g. Sinclair 1977, Sinclair et al. 1982,
Crawley 1983, Belovsky 1984b, Sinclair et al. 1985, Wallis de Vries 1996, Owen-Smith 2002).
The influence of food resource quality on the nutritional status of herbivores is often greater
than food quantity per se. That is, while the total biomass of food plant material may be high, if
a proportion of it is below an adequate nutritional threshold then it can not be considered to be
part of the food resource. Thus, the nutritive value of a herbivore’s food is a primary
determinant of the quality of a particular habitat type (Owen-Smith and Novellie 1982, Crawley
1983, McNaughton 1988, Owen-Smith 1990, Wallis de Vries 1996).
Investigations into the role of food limitation in large mammalian grazers have been hampered
by the difficulty of defining and measuring nutritional quality (Sinclair et al. 1982, Demment
and Laca 1994, Hanley 1997). Definition of food habitat patches is often arbitrary and may or
may not correspond to the way animals perceive their habitat (Lawler et al. 2000). Nutritional
quality is often challenging to define operationally because nutritional value can be measured in
terms of a large number of compounds (Crawley 1983, Hanley 1997). Nonetheless, it is possible
to gain some ecological insights from unambiguous coarse measures of nutrition. These
measures include total carbohydrates and nitrogen, for which it is relatively easy to obtain
accurate laboratory values. Energy and protein comprise the fundamental components of
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nutritional ecology and food limitation in grazing mammals. The challenge then becomes how to
address habitat quality at a scale/s that is relevant to the animal in question.
The spatial distribution of quality food plants profoundly influences the movement patterns and
foraging behaviours of herbivores (see Chapter 2), which in turn impose patterns on the
landscape (Senft et al. 1987, Gordon 1989, Fryxell 1991, Huntly 1991, Gross et al. 1995, Hulme
1996, Augustine and McNaughton 1998, Belovsky et al. 1999, Wilmshurst et al. 1999, Van der
Wal et al. 2000). It has been established that mammalian grazers often show a fine-grained
matching response to the quality of their food plant resources. Matching occurs when herbivores
spend proportionally more time foraging in areas of greatest nutrient return (Staddon 1983, Senft
et al. 1987, Gordon 1989, Illius et al. 1992, Langvatn and Hanley 1993, Morris 1994, Bailey et
al. 1996). Therefore, a holistic understanding of the nutritional ecology of a large, mammalian
grazer requires knowledge of the interactive dynamics between the animal (e.g., metabolic
demands, functional response, movement behaviours) and its food plants (e.g., nutrient profile,
patchiness and community composition) across domains of scale.
As explained in Chapter 2, the nutritional ecology of the dugong, Dugong dugon has many
similarities with that of large terrestrial grazers. For instance, both dugongs and free-ranging
cattle must optimise their nutrient intake by selecting quality food plants from within pasture
foodscapes (sensu Gordon et al. 1996) of lower quality herbage. Dugong grazing pressure is
believed to be central to the structure and function of many seagrass communities (de Iongh et
al. 1995, Preen 1995b, Aragones and Marsh 2000, Masini et al. 2001, Aragones et al. 2006).
However, the role of seagrass food quality in shaping dugong grazing patterns is poorly
understood.
The nutritional requirements of dugongs remain largely unknown. In particular, dugongs are
believed to be selective grazers, yet data are lacking on how this selectivity varies with
abundance and quality of forage. There have been few published studies into the nutritional
aspects of the seagrass meadows specifically targeted by dugongs (but see: Lanyon 1991, de
Iongh et al. 1995, Yamamuro et al. 2004, Aragones et al. 2006). Several authors suggest that
dugongs prefer lower seral stage or pioneer species such as Halodule uninervis and Halophila
ovalis, and that their diet selection is governed by the nutrient and structural composition of the
food plants (Gohar 1957, Heinsohn and Birch 1972, Lipkin 1975, Johnstone and Hudson 1981,
Marsh et al. 1982, de Iongh et al. 1995, Preen 1995a). According to Lanyon (1991), Aragones
(1996) and Preen (1995b), the most frequently selected seagrasses are lowest in fibre and
highest in available nitrogen and digestibility. Any measurement of seagrass as quality food for
dugongs must take into account the ratio of assessable nutrients to plant biomass (e.g.,
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digestibility). However, even for a single seagrass food species, it is uncertain whether the ideal
measure of dugong food quality should be based on the concentration of desirable elements in
the food (e.g. protein, energy) or the absence of less desirable elements (e.g., fibre).
Difficulties, both logistical and ethical, in maintaining dugongs in captivity make it almost
impossible to conduct rigorous controlled experiments to identify the determinants of nutritional
quality for dugongs. Consequently, inferences must be made based on the metabolic
requirements of manatees (Bengsten 1983, Lomolino and Ewel 1984, Ledder 1986, Jones 1994,
Mignucci-Giannoni and Beck 1998) and analogous mammalian hindgut fermenters, e.g. equids
(Duncan et al. 1990, Hintz and Cymbaluk 1994). Like most herbivores, hindgut fermenters
require nitrogen for protein synthesis and carbohydrates such as starch for energy. However,
hind-gut fermenters are able to survive on less nutritious forage than ruminants by increasing
food throughput as digestibility decreases and by selective excretion of fibrous digesta (Iason
and Van Wieren 1997). The proportion of cell-content to nutrients in seagrasses is high relative
to terrestrial grasses and the cellular structural component is low, suggesting they have some
nutritional advantages over terrestrial grasses (Murray et al. 1977, Lanyon 1991). In addition,
sirenians have been found to possess greater capacity to digest fibre than other hind-gut
fermenters (Lomolino and Ewel 1984, Yamamuro et al. 2004).
The value of seagrasses as a food resource has previously been defined as a function of their
biomass, the digestive strategy of the grazer and the chemical composition of the plant
components (Thayer et al. 1984, Lanyon et al. 1989). Variability in grazing on seagrasses has
been hypothesised to be controlled, in part, by the nutritive quality of the plants (Aragones 1996,
Valentine and Heck 1999, and references therein) and the feedback effects of grazing on the
plants’ quality (Aragones et al. 2006). Few investigations have examined the relationship
between vertebrate herbivore grazing rates and nutrient concentrations in seagrass ecosystems.
Nonetheless, each of these studies has indicated a significant, positive relationship between leaf
nitrogen content and vertebrate grazing, whether by parrotfishes, sea turtles or dugongs
(Bjorndal 1980, Zieman et al. 1984, Williams 1988, McGlathery 1995, Preen 1995a).
Seagrass communities exhibit high spatial heterogeneity (patchiness) at a range of scales, as
both continuous and fragmented landscapes interspersed with non-vegetated substrate. Seagrass
communities have many configurational analogues to terrestrial grasses, e.g., both form mosaics
of patches (Lobo et al. 1998, Camarero et al. 2000, Shiyomi et al. 2001, Frederiksen et al. 2004,
Mutanga et al. 2004). Autecological studies into seagrass configuration have documented the
role of extrinsic abiotic (e.g., light intensity, water depth, currents, sediment class) and biotic
(e.g., intrinsic competitive interactions, grazing pressure) factors influencing seagrass patch
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formation and structural variability, e.g., Bulthius (1987), Fonseca and Kenworthy (1987), Abal
et al. (1994), Cebrian and Duarte (1998), Fonseca and Bell (1998), Aragones and Marsh (2000),
Robbins and Bell (2000), Frederiksen et al. (2004). Each of these studies has demonstrated that
the high spatial heterogeneity of seagrass meadows. It is likely then that dugongs have adapted
their foraging strategies to cope with this inherent spatial unpredictability, much like terrestrial
herbivores faced with similar foraging challenges, e.g. African migratory ungulates (Sinclair and
Norton-Griffiths 1979, McNaughton 1979, Owen-Smith 1997).
As described in Chapters 1 and 2, defining key habitats is one of the most important topics of
sirenian research (Lefebvre et al. 2000). Habitat selection by dugongs is beginning to receive
greater attention by managers and ecologists, but a model capable of predicting such choices by
dugongs based on attributes of those habitats is lacking. Dugongs appear to prefer some seagrass
pastures and avoid others and presumably make foraging decisions at a range of scales
(Anderson 1982a, Preen 1995b, Anderson 1998, Chapters 4 and 7). Hence, understanding the
spatial dynamics of seagrass communities is essential for predicting patterns of habitat use by
selectively feeding dugongs and for the effective management of seagrass resources.
Information is required on the composition and configuration of the specific seagrass meadows
that dugongs target. The sampling intensity required to identify and understand the drivers and
scales of dugong foraging decisions has been prohibitive in the past in terms of both field and
laboratory effort and financial cost. However, the study of seagrass meadow configuration and
spatial distribution patterns has advanced rapidly with improvements in remote sensing, Near
Infrared Spectroscopy and GIS techniques (e.g., Long et al. 1994, Robbins and Bell 2000, Kelly
et al. 2001, Pasqualini et al. 2001, Ierodiaconou and Laurenson 2002, Kendrick et al. 2002). The
aim of this chapter was to use these techniques to quantify, at a resolution appropriate to
foraging decisions made by individual animals, the composition and configuration of the
seagrass community in a pasture used intensively by dugongs. I hypothesised that dugong
habitat quality can be defined by the presence of high nutrient (starch and nitrogen) seagrass
species that contain low levels of fibre.

5.1. Methods:
5.1.1. Study site
i. Location
The study site was Burrum Heads in Hervey Bay, described in Chapter 3. The dugong
population in Hervey Bay fluctuates dramatically as explained in Chapter 4, especially
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following periods of seagrass dieback as a result of environmental perturbation (Preen and
Marsh 1995, McKenzie et al. 2000, Marsh and Lawler 2001). Although dugongs occur
throughout Hervey Bay, a significant concentration consistently occurs around the south west
coast, near Burrum Heads where this survey was conducted (25º11.4′ S, 152º36.6′ E) (see Figure
3.1.B, Chapter 3) (Preen and Marsh 1995, Marsh et al. 1996, Marsh and Lawler 2001). Although
the Burrum Heads dugong population is small relative to the entire Hervey Bay population, it is
large relative to the small area of the Burrum Heads seagrass habitat (24 km2). Additionally,
dugongs can be found at Burrum Heads consistently throughout the year (as opposed to the
infrequent use by dugongs of some other seagrass meadows in Hervey Bay).

ii.

General physiography

The low depositional coast directly south of the Burrum River channel, where the seagrass
meadows occur, is characterised by a nearshore terrace of one to two km wide intertidal sand
flats. The terrace shelters the beach from wave action and is backed by a 3.5 m frontal
ridge/dune system. Mangroves colonise the foreshore at the south-western end of the beach. The
entrance to the Burrum River has formed a large ebb tide delta, supplied by littoral drift from the
north. The maximum tide range is 4.2 m (Pioerwicz 1997) and the mean tide velocity is 0.14 to
0.17 m/sec at ebb and flood tides respectively (Beach Protection Authority 1989).

5.1.2. Sampling design

A sampling grid was generated within the survey area to cover the Burrum Heads habitat most
frequented by foraging dugongs. Fixed kernel home ranges were generated using the Animal
Movement Analyst Extension (Hooge and Eichenlaub 1997) for the ArcView v3.3 GIS program
(Environmental Systems Research Institute, Inc., Redlands, CA) for eight dugongs that
exhibited high site fidelity to the Burrum Heads region, as explained in Chapter 4. Each animal
was tracked using PTT/GPS telemetry for an average of three months from July and November
2003. Home range kernels were computed from the location data with a least-squares crossvalidation smoothing function. Outlines of the 95 % kernels were then overlaid to create a
single, roughly rectangular survey area, assumed to represent available seagrass habitat for all
dugongs in the region (perimeter 23.3 km, area 23.8 km2) (Figure 5.1).
Remote sensing (satellite and aerial imagery) is of limited efficacy in evaluating the biomass and
species composition of tropical seagrasses occurring at low density (Long et al. 1994). Remote
sensing is further limited in deep or turbid waters (Hyland et al. 1989, Pasqualini et al. 2001).
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Accordingly, I used a 554-point sampling grid to estimate seagrass cover within the survey area.
The grid was generated using the Spatial Analyst extension for ArcView (Environmental
Systems Research Institute, Inc., Redlands, CA). Sampling points were systematically spaced
every 200 m across the survey area, a suitable resolution for detecting local scale (< 10 km2)
spatial variation in seagrass meadows (L. McKenzie, pers comm) (Figure 5.1.A). Seagrass
species and biomass were estimated visually for all sites (see below). Samples of seagrass
material were taken from 89 sites that were haphazardly selected (28 intertidal; 61 subtidal) for
nutrient analysis. Seven sites, 400 to 1600 m external to the sampling grid, were haphazardly
selected (Figure 5.1.B) and sampled to compare seagrasses targeted by dugongs with those less
used.

A.

B.

Figure 5.1. A: Survey perimeter and sampling grid of 557 points. B: Nutrient sampling points.

5.1.3. Field methods and survey equipment

Sampling was conducted during July 2004 while up to nine dugongs were being tracked using
the area as outlined above. Intertidal sites were accessed on foot using a handheld GPS. Subtidal
sampling points were located from a vessel using a marine GPS/Sonar plotter and sampled using
a portable marine video camera. Five replicate 0.25 x 0.25 m quadrats were haphazardly
sampled from each site. Species composition and cover were recorded by one experienced
investigator from above-ground estimates to eliminate inter-observer bias.
Linear estimations of per cent seagrass cover relative to the substratum were calculated
following the protocol of Lanyon and Marsh (1995b) to facilitate ease of interpolation using
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GIS. The low biomass and short standing crop height of tropical seagrasses, and the low current
speeds, wave energy and generally clear water of the study site did not obfuscate actual cover
values, negating the concerns of Mumby et al. (1997). Following Zieman and Wetzel (1980), I
defined biomass as total above and below-ground plant material (see below for method of
estimation) and standing crop as the above-ground component only.
The marine video camera used to survey the species composition and % cover of the
seagrass was an Applied Microvideo, Inc Model-10. To reduce the risk of blurred images
resulting from horizontal camera movement, the video camera was mounted on a heightadjustable, stainless steel 0.25 x 0.25 m videoquadrat frame following Preskitt et al. (2004).
The camera was centred 30 cm directly above the quadrat at a standardised height that
fitted the quadrat to the image frame (Figure 5.2). This arrangement facilitated rapid
estimation of seagrass species composition and percentage cover estimates; the highdefinition digitised video frames approximated still photographs. The camera was
haphazardly lowered to the seafloor at each sampling point. Tidal currents slowly drifted
the boat (< 5 cm/sec) so that the quadrat was lowered onto a different seagrass patch for
each replicate. Total drift from the sample site never exceeded 30 m (± 5 m s.e. GPS error).
All error estimates are given as ± standard error. Time to obtain cover estimates from each
subtidal sampling point averaged five minutes. The seven sites external to the survey area
were sampled by drifting without power or direction for 15 minutes with the entire
videogrid assembly (camera and frame) suspended < 5 cm above the benthos.

Figure 5.2. Videoquadrat used to take photographs of the benthos. The marine videocamera was bolted to
a height-adjustable steel frame and quadrat, allowing it to sit flat on the seafloor and transmit images of
the benthos within the quadrat via cable to the monitor.
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A Van Veen steel benthic grab was used to confirm the species composition of seagrass viewed
on the video monitor, collect subtidal samples for nutrient analysis, and assess sediment type.
Voucher specimens of seagrass were collected for taxonomic verification where necessary.
Sediments were initially visually classified in situ into broad categories (mud, fine-sand, coarsesand, gravel, shells). Sediment grain size was later formally determined from samples by wet
sieving and microscopy (Murdoch et al. 1997). Approximately 50 g wet-weight of total seagrass
biomass was harvested from each nutrient sample site for laboratory analysis. Samples were
washed in seawater and the epiphytes removed. The samples were then hand sorted by species
into leaf (above-ground) and rhizome/root (below-ground) fractions and air-dried to a constant
weight at 60 oC for 72 hours.
To minimise the confounding influence of species composition, three replicate, monospecific,
intertidal quadrats each of 5, 25, 50 and 100 % cover were selected and harvested of total
biomass. These values were used to calibrate the relationship between percentage cover and
above and below ground seagrass biomass following Mellors (1991) and Mumby et al. (1997).
Species differences in terms of standing crop, leaf size and below-ground biomass can confuse
cover and biomass estimations (Mellors 1991, Mumby et al. 1997). Therefore, monospecific
replicates were taken for each seagrass species found in the study site. Biomass estimates were
expressed as grams of dry weight per metre square (g DW m-2). A linear regression was
calculated for the relationship between the observer’s cover estimates and the actual harvested
cover value. This curve was used to calculate above-ground biomass for all estimates. Because
dugongs usually extract the entire plant during feeding on the Queensland coast (Heinsohn and
Birch 1972, Marsh et al. 1982, Marshall et al. 2003), above and below seagrass components
were combined into a whole-plant value for each species from ratios derived from the
calibration sample set (n = 4 species x 12).

5.1.4. Nutrient analysis

Overall, samples from 282 of the 554 sites were analysed for a range of chemical constituents.
Time and logistical constraints prevented me from sampling all 554 sites, plus not all sites had
sufficient seagrass biomass (> 50 g wet-weight) to conduct a nutrient analysis. Near infrared
reflectance spectroscopy (NIRS) was used to analyse the nutrient content of seagrass samples
following methods described by Lawler et al. (2006). This technique was chosen for its ability to
identify the composition of organic samples in a rapid, cost-effective and repeatable manner
(Shenk and Westerhaus 1993, 1994). Calibration equations were developed to describe the
relationships between NIRS spectra and their matching nutrient values (Shenk and Westerhaus
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1991), derived from the following laboratory methods: (1) total nitrogen (N) colorimetrically by
the salicylate-hypochlorite method of Baethgen and Alley (1989) (100 samples); (2) total starch
using the thermostable α-amylase and amyloglucosidase method of McCleary et al. (1997) (79
samples); (3) in-vitro dry matter digestibily (IVDMD) using Pepsin-Cellulase In-Vitro
Digestibility (53 samples); (4) neutral detergent fibre (NDF) using the Foss fibre cap system
Fibretec 2021 (6 place) (72 samples); (5) total organic matter (OM) by straight ashing (88
samples), (6) water-soluble carbohydrate (WSC) by ethanol extraction (112 samples), and (7)
lignin using the ANKOM sulphuric acid/acetone extraction system (60 samples).

5.1.5. Point pattern spatial analysis

Exploratory analyses of the spatial association and dispersion characteristics of the sample point
data were conducted using ArcGIS (ESRI Inc.). Moran's I statistic (Moran 1948, Moran 1950,
Sokal and Oden 1978, Legendre and Fortin 1989, Anselin 1996) and Nearest Neighbour
Analysis (Clark and Evans 1954) were used to test for the spatial randomness of the distribution
of each seagrass species. Moran’s I is a measure of spatial autocorrelation (feature similarity)
based on the covariance of sample values and their proximity. A Moran’s Index value near +1.0
indicates clustering; an index value near -1.0 indicates dispersion, with zero being the expected
value for no spatial autocorrelation (Cliff and Ord 1981, Upton and Fingleton 1985). A z-score
for Moran’s I was also calculated to assess whether or not the observed spatial association was
statistically significant when compared with the range of values for a particular confidence level.
A high positive z-score at a sampling point indicated that the surrounding sampling point values
were similar (either high or low), indicating a cluster.

5.1.6. Spatial analysis of surface patterns

Raster surfaces of bathymetry, seagrass cover and nutrient profiles were generated from the
point data using a GIS. Australian tropical seagrass meadows can be effectively interpolated into
a 2-dimensional surface using point data because seagrass forms continuous patches with
gradual gradients and very low (< 5 cm) canopy height. Several interpolation techniques were
tested for their ability to generate biologically realistic coverages. IDW, spline and kriging
techniques were compared, with kriging producing the best output. The IDW and spline
techniques tended to calculate discrete circles of high seagrass cover around individual sampling
points that had high cover values. The kriging technique interpolated high cover values into
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irregular patches according to their distribution. Kriging, which recently has been used to
successfully map terrestrial grasslands (e.g., Atkinson 1996, Cannavacciuoloa et al. 1998, Feng
et al. 2004), is an optimal technique for linear unbiased estimation and interpolation (reviewed
by: Royle and Frederiksen 1981, Oliver and Webster 1990, Atkinson 1996).
A kriging estimator in ArcGIS (v.9, 2004, ESRI Inc.) was used to generate fixed radius ordinary
surfaces. The most appropriate kriging method was selected by generating seagrass
interpolations from a re-substituted sample grid that was randomly thinned by 25 and 50 % and
selecting the method that produced a surface similar in structural detail to the full sampling grid.
Ordinary circular kriging produced the best surface from the re-substituted data and the best fit
in terms of Akaike's and Bayesian Information Criteria (Akaike 1973, Atkinson 1996) and was
selected for all subsequent interpolations.
Water depths at each subtidal sample point were matched with the tide height at the time the
sample was recorded and adjusted to give the water depth at mean sea level (MSL) and high and
low water spring tides (MHWS, MLWS). These corrected depth values were interpolated via
kriging to create a bathymetric surface for the survey area that was delineated into intertidal and
subtidal fractions.
Once the seagrass meadow interpolations were generated, the Patch Analyst extension (Rempel
and Carr 2003) for ArcView (ESRI Inc.) was used to analyse the spatial structure of the
distribution of each seagrass species. This extension incorporates FRAGSTATS v2.0
(McGarigal and Marks 1994), a spatial pattern analysis program for quantifying landscape
structure. A patch was defined as contiguous 100 m2 grid cells of the same (mean percentage
cover) value of the same species of seagrass. Mean Nearest Neighbour Distances were also
calculated between patches of similar cover.
A measure of habitat quality was calculated using the mean mass of total nitrogen and starch
available per m2 across the Burrum Heads pasture for each seagrass species. Biomass values
were obtained from the kriging interpolations of the seagrass patches at a 100 m2 resolution,
which were then converted into nutrient masses using the following equation for each species
separately:
N2 = ((B/A)*S)*N1
Where:
N2 = Mean nutrient % per m2 across the pasture
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B = Total seagrass species biomass
A = Total area of seagrass species cover
S = Percent of the pasture covered by seagrass species
N1 = Level of whole-plant nutrient (mean %)
The minimum and maximum mean nutrient masses per m2 found within the Burrum Heads
pasture were also calculated to identify the range of nutritional qualities available to foraging
dugongs. Nutrient masses for each species were combined to provide an estimate of mean
nutrient g/m2 at each sample point. The points were then interpolated into coverages of nitrogen
and starch mass to create a 100 m2 resolution map of definitive habitat quality. This map
enabled identification of the 100 m2 patches of seagrass/nutrients that represented highest
nutritional return for an animal seeking to maximise intake of total nitrogen and starch from
foraging effort.

5.2. Results
5.2.1. Physiography

The hydrodynamic regime was generally consistent across the study area because the extensive
intertidal flats minimise wave and current disturbance. The only evidence of wave action
influencing patch structure was an absence of seagrass across some of the interface zones
between the inter and sub-tidal regions along the southern shoreline where the intertidal flats
narrowed. Intertidal and subtidal fractions of the survey area at MLWS comprised 693.7 (29.2
%) and 1682.2 (70.8 %) hectares respectively (Figure 5.3).
Sediments were fine (0.06 to 0.25 mm) to medium grained (0.35 – 0.5 mm), with sand on the
intertidal flats finer than the subtidal sands. The sediment mud component across the area was
low (6.1 %) and generally confined to the deepest part of the survey area; a 150 hectare, 7.4 m
deep (mean sea level) trough at the southern end, adjacent to the Beelbi Creek channel (152.66
o

E; - 25.22 oS). This trough extended from 700 m off the shoreline to at least the edge of the

survey area (Figure 5.3). Shells and shell fragments were distributed primarily around the
seaward edge of the littoral zone and comprised only 3.9 % of the study area (although one
intertidal site had 60 % mean shell cover).
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Figure 5.3. The bathymetry surface of the survey area interpolated using Kriging from the tideadjusted depths at each sampling point. Depth is in metres below mean sea level (MLWS).

5.2.2. Species composition of the seagrass pasture

Five species of seagrass were recorded at the survey site: Halodule uninervis (narrow leaf
morph), Halodule pinifolia, Halophila ovalis, Halophila spinulosa and Zostera capricorni
(narrow and broad leaf). All of these species were of small morphology with a canopy height
generally < 5 cm. Kriging interpolations of the point grid created biologically realistic surfaces
of seagrass cover from the raw quadrat data (Figure 5.4). Within the survey area, the seagrass
formed continuous meadows of varying densities with spatial distributions showing coherent
patterns (Figure 5.5). Patches containing H. uninervis and H. ovalis often overlapped, whereas
patches containing Z. capricorni, and to a lesser extent H. spinulosa, were generally
monospecific. Halodule pinifolia occurred in trace amounts (< 5 % cover) at the southern
intertidal end of the survey site (152.64 oE; -25.21 oS). H. pinifolia was found incidentally
outside of any sampling point and thus was not included in any interpolation or analysis. No
seagrass was found at any of the sampling sites external to the survey area.
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The patterns of seagrass species association were described by Principal Component analysis.
The first three loadings accounted for 96.0 % of the spatial variation of the seagrasses. The
fourth component explained only 3.98 % of the variance and was discounted. The first three
components demonstrated significant association between H. uninervis and H. ovalis. A
significant separation occurred between this species association and Z. capricorni, and to a
lesser extent H. spinulosa. Only the distributions of H. spinulosa and Z. capricorni were
significantly positively associated with water depth. Neither water depth nor sediment grain size
influenced the distribution of H. uninervis and H. ovalis. Because H. spinulosa was restricted to
deep water it was found primarily in medium-grained sands. Z. capricorni was found in the
muddy sediments of the deep water trough and the fine-grained (0.06 to 0.25 mm) sand of the
intertidal flats (Figure 5.5.C).
Ninety-one percent of the 2376 hectare survey area was covered in seagrass as follows: H.
uninervis (1944.2 hectares, 81.8 % of the total survey area), H. ovalis (839.3 hectares, 35.3 % of
the total survey area), Z.capricorni (377.7 hectares, 15.9 % of the total survey area) and H.
spinulosa (337.9 hectares, 14.5 % of the total survey area) (Table 5.1). These percentages
represent the total area covered by each seagrass species regardless of patch cover or biomass.
Because seagrass distributions overlapped, their combined percentage totalled > 100 % of the
survey area. H. spinulosa was virtually absent from the intertidal zone, being found
predominantly in deeper subtidal sites (> 4 m mean sea level) (Figure 5.5.D).
The site of densest seagrass cover occurred across the edge of an approximately rectangular, 240
hectare ridge of shallow water (< 2 m MLWS) dominated by H. uninervis and H. ovalis (Figure
5.5.A, B). This ridge extended diagonally 108 o from the coast, beginning at the edge of the
intertidal zone and continuing out at least 4 km to the subtidal edge of the survey perimeter. The
southern edge bordered the deep water (> 4 m MLWS) trough. The highest mean cover value for
any sample point in this area was 36 % ± 6.78 for H. uninervis.
Filamentous green epiphytic microalgae were found at 40.6 % of sample sites. Relative algal
abundance was generally low (mean 5 %), and found principally across the northern half of the
survey area close to the Burrum River (152.65 oE; - 25.18 oS). Because algal abundance varied
dramatically over small time scales (4 – 5 days), algal cover was not interpolated or spatially
analysed. Macroalgae (Caulerpa spp.) were found at only two dispersed deepwater subtidal sites
(> 4 m MLWS). Small, solitary bryozoans were found at three sites.
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Figure 5.4. Frequency plots of seagrass cover % for (A) the raw quadrat data from the survey point grid,
(B) the kriged interpolated surfaces comprised of 10m2 grid cells of contiguous seagrass species type
plotted on the same scale and (C) the kriged surface data at full resolution. Note how the interpolated data
in (C) is more spread out across the range with a lower maximum cover % than the raw data in (A). This
is a function of the kriging process as it spreads the values across a surface during the interpolation.

90

CHAPTER 5: A seagrass meadow as pasture for seacows

The total combined estimated above and below-ground seagrass biomass was 222.7 ± 19.6
tonnes s.e. dry-weight. The total intertidal biomass component of seagrass was 35.3 tonnes, the
total subtidal biomass 187.5 tonnes, made up as follows; (1) H. uninervis (162.2 tonnes total;
24.1 intertidal; 138.1 subtidal), (2) Z.capricorni (22.1 tonnes total; 7.3 intertidal; 14.9 subtidal),
(3) H. spinulosa (21.9 tonnes total; 0 intertidal; 21.9 subtidal) and (4) H. ovalis (16.5 tonnes
total; 4 intertidal; 12.5 subtidal) (Table 5.1).

5.2.3. Biophysical configuration of the seagrass pasture

Moran’s I and Nearest Neighbour spatial statistics indicated that the physical structure of the
Burrum Heads seagrass pasture varied considerably by species. The pasture was comprised
primarily of low biomass patches of seagrass in comparison to the overall range of patch cover
values. High density patches of H. uninervis, the most prevalent species, were significantly
smaller than low density patches. However, this was not true for the less prevalent H. ovalis and
Z.capricorni. Thus, relative to their total cover and patch frequency, these seagrasses occurred
more often as patches of dense cover than did H. uninervis (although total patch cover value,
size and frequency for these species never exceeded those of H. uninervis (Figure 5.6.D).
Density values for H. uninervis, H. ovalis and Z. capricorni patches were significantly
negatively correlated with the total area of the survey region possessing that value, indicating
that the pasture was mostly covered with low density patches of these species (H. uninervis: r2 =
0.84, p = < 0.001, d.f = 985; H. ovalis: r2 = 0.70, p = 0.01, d.f = 290; Z.capricorni: r2 = 0.70, p =
0.04, d.f = 92). Correspondingly, patch density values for H. uninervis were also negatively
correlated with patch size, so that low density patches of H. uninervis occupied large areas
whereas high density patches were generally small (r2 = 0.66, p = <0.001, d.f = 985).
Seagrass patch density was not significantly correlated with patch size for H. ovalis (r2 = 0.32, t
= - 1.69, p = 0.14, d.f = 290) or Z. capricorni (r2 = 0.24, t = - 1.11, p = 0.33, d.f = 92).
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Figure 5.5. Kriging interpolations of the mean percent coverages of each seagrass species at the study site in the context of 1 m bathymetry contours: A. H. uninervis; B. H.
ovalis; C. Z. capricorni; D. H. spinulosa.
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Moran’s I and Nearest Neighbour statistics also indicated that patterns of seagrass distribution
and abundance varied according to species. For instance, Moran’s I statistics for H. uninervis
(index = 0.04, z-score = 12.8) and H. ovalis (index = 0.06, z-score = 10.9) indicated that their
distributions were significantly highly clustered. Z. capricorni was randomly distributed
throughout the study area (index = -0.01, z-score = 0.3), while H. spinulosa was mildly clustered
(index = 0.01, z-score = 1.4). These spatial patterns can be seen in the plot of mean nearest
neighbours for patch mean cover values (Figure 5.6.A). For example, all of the nearest
neighbour distances for H. uninervis patches were comparatively close, reflecting its clustered
distribution. In contrast, nearest neighbour distances for Z. capricorni patches were highly
variable as a consequence of its dispersed distribution.
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Figure 5.6. Relationships between percent mean patch cover values for the four species of seagrass found
within the survey area and: A. patch mean nearest neighbour; B. mean patch size; C. number of patches;
and D. total area of the patch. A patch was defined as contiguous 10 m-2 grid cells of the same (mean
percentage cover) value of the same species of seagrass.
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5.2.4. Nutrient analysis

i. Within plants
For all species, the above-ground seagrass component (shoots and leaves) possessed greater total
nitrogen and neutral detergent fibre than the below-ground component (roots and rhizomes). The
below-ground component possessed greater total starch and water soluble carbohydrates than
the above-ground component (Table 5.2). Extrapolating these nutrient ratios into total seagrass
dry-weight biomass, the survey area contained 2.72 tonnes of nitrogen and 11.79 tonnes of
starch.

ii. Between species
There was significant variation between the four seagrass species for: (1) total starch (df = 3, F =
41.51, p = <0.001), (2) nitrogen (df = 3, F = 36.05, p = <0.001), (3) organic matter (df = 3, F =
5.98, p = 0.001), (4) lignin (df = 3, F = 38.97, p = <0.001), and (5) neutral detergent fibre (df =
3, F = 24.61, p = <0.001) (Figure 5.7, Table 5.2). The greatest variation in inter-species nutrients
occurred with total starch. The mean whole-plant starch content of H. uninervis was 6.42 ± 0.50
%, compared with 0.75 ± 0.24 % for H. ovalis, 4.22 % ± 0.33 for Z. capricorni, and 0.70 % ±
0.15 for H. spinulosa. A Tukey HSD post hoc test indicated the largest significance difference in
starch occurred between H. uninervis and H. spinulosa (Mean difference = 5.72, ± s.e. 0.57, p =
<0.001) and H. uninervis and H. ovalis (Mean difference = 5.41, ± s.e. 0.70, p = <0.001). H.
spinulosa and H. ovalis starch concentrations were not statistically different (Mean difference =
0.30 ± s.e. 0.76%, p = 0.978). H. uninervis had higher whole-plant nitrogen content (1.28 ± s.e.
0.05 %) than H. ovalis (1.21 ± s.e. 0.08 %), although this difference was not significant (Mean =
0.12 ± s.e. 0.08 %, p = 0.494). The greatest significant difference in nitrogen content occurred
between the nitrogen rich H. uninervis and nitrogen poor Z. capricorni (Mean = 0.51 ± s.e.
0.052 %, p = <0.001).
Because of the relatively low intraspecific variation in nutrient composition, nutrients were
concentrated or dispersed according to seagrass biomass (Table 5.3, Figures 5.8 and 5.9). The
only detectable influence of site on nutrient distribution was tidal exposure. Intertidal H. ovalis
possessed a higher mean IVDMD than subtidal plants (difference = 18.5 %, F = 14.69, p =
0.003). Similarly, mean total starch was significantly higher for intertidal Z. capricorni than
subtidal Z. capricorni (difference = 3.4 %, F = 26.57, p = < 0.001).
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5.3. Discussion
An understanding of the ecological factors that determine the value of habitat patches to large
grazing herbivores is of both practical and theoretical importance. The marine videography
technique presented in this chapter, combined with NIRS and GIS, provided a rapid, economical
and accurate assessment of seagrass characteristics across a large area. This enabled the species
composition, nutrient profile and patch structure of a seagrass pasture used intensively by
dugongs to be accurately quantified. The study was conducted at scales relevant to a foraging
dugong and at a level where local monitoring and management activities can be effective.

5.3.1. Characterising the Burrum Heads seagrass pasture

i. Abiotic influences on seagrass distribution
Abiotic variables explained relatively little of the spatial patterns in the seagrass. The
predominantly subtidal distribution of H. spinulosa was consistent with its status as a deep-water
species (Anderson 1994, Lee Long et al. 1996). The ridge bathymetric feature (Figure 5.3) was a
favourable site for H. uninervis probably because it was constantly covered with at least 1.5 m
of calm water. The deepwater trough immediately adjacent to the ridge was dominated by fine
mud sediments and dense, monospecific beds of Z. capricorni. Z. capricorni may have been
competitively excluded from the ridge by faster growing, pioneer H. uninervis and the high
dugong grazing pressure associated with this site (Preen 1995b, Chapter 7). Conversely, Z.
capricorni may have excluded H. uninervis from the deepwater trough through a superior ability
to cope with lower light intensities or to compete in the absence of disturbance by wave action
or dugong foraging. The influence of site factors other than tidal exposure on the spatial
distribution of seagrass nutrients was undetectable. Seagrass nutrient quality was not influenced
by proximity to the increased sediment transport (and presumed nutrient loading) associated
with either the Burrum River to the north or Beelbi Creek to the south.
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Figure 5.7. Mean whole-plant % dry matter biomass nutrient and fibre profiles separated into intertidal
and subtidal fractions with standard errors. N = Total nitrogen; OM = Organic matter; NDF = Neutral
detergent fibre; Lig = lignin; IVDMD = In-vitro dry-matter digestibility.
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A.

B.

Figure 5.8. Maps of A: spatial distribution and abundance of nitrogen and B: associated standard error. Nutrient masses are represented as g DW per m2 which were
calculated from the combined biomasses and nutrient profiles of the four seagrass species present in the survey area.
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A.

B.

Figure 5.9. Maps of A: spatial distribution and abundance of starch and B: associated standard error. Nutrient masses are represented as g DW per m2 which were
calculated from the combined biomasses and nutrient profiles of the four seagrass species present in the survey area.
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ii. Biomass estimates of total available seagrass
Total seagrass biomass (10.48 tonnes DW/km2 ± 0.90) was much lower than the 57.05 ± 15.1
tonnes DW/km2 recorded by Long et al. (1994) using similar techniques in a 37.6 km2 Z.
capricorni dominated site in Moreton Bay, 400 km to the south. This variation could be due to
species differences alone. However, the Burrum estimate is also lower than the 150.58 tonnes
DW/km2 ± 6.62 recorded by Preen (1992) in a 11.76 km2 Moreton Bay seagrass meadow
comprised of H. ovalis, H. uninervis and Z. capricorni, again reflecting relative species
composition. The variation between these biomass estimates may be compounded by
methodological and seasonal differences. The Burrum pasture was not sampled across a
seasonal range. However, seagrass growth rates within the Burrum pasture for 2003 - 2005 were
obtained from rhizome tagging (Bité unpublished) and Seagrass Watch monitoring data
(www.seagrasswatch.org). One-way ANOVA showed a significant effect of year and season on
the growth rates for three seagrass species tagged in the Burrum habitat (H. ovalis: ‘year’ F19 871
= 23, p = <0.001, ‘season’ F1 889 = 5, p = 0.03; H. uninervis: ‘year’ F19 871 = 22, p = <0.001,
‘season’ F1 889 = 20, p = <0.001; Z. capricorni: ‘year’ F19 871 = 24, p = <0.001, ‘season’ F1 889 =
15, p = <0.001). Hence, intersite biomass differences between these studies may be caused by;
(1) the greater overall biomass possessed by extensive, mature, Zostera-dominated meadows of
Moreton Bay compared with the young, heavily-grazed Halodule-dominated beds off Burrum
Heads; (2) methodological differences; (3) seasonal effects.
In comparison with most terrestrial pastures grazed by large mammals, the seagrass meadows
targeted by dugongs have low total biomass. For instance, the 10.48 tonnes DW/km2 ± 0.90
seagrass biomass of the Burrum Heads dugong habitat is substantially less than the 200 – 300
tonnes DW /km2 considered the optimal range for rotationally grazed dairy pastures (Sheath and
Clark 1996). It is also less than the seasonal range of 100 - 200 tonnes DW/km2 grass standing
crop available to wild ungulates grazing the Serengeti (Murray 1995). While these biomass
differences are considerable, they may be irrelevant to grazing mammals for two reasons: (1)
dugongs consume the entire seagrass plant whereas terrestrial grazers clip the leaves; (2)
seagrass may have nutritional advantages over terrestrial grasses as discussed below.

iii. Seagrass patch structure
Exploratory spatial statistics and interpolations of seagrass cover indicated clear interspecies
differences in biomass. H. uninervis had the highest overall patch cover and biomass values for
a seagrass species in the survey area, reflecting its ubiquity across the inter and subtidal zones.
H. uninervis formed large, clustered patches that often overlapped with H. ovalis, the second
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most prevalent species. Range-sharing between H. uninervis and H. ovalis reflects their similar
ecological roles as fast growing pioneer seagrasses, particularly in areas characterised by high
dugong grazing pressure where ‘cultivation grazing’ may be occurring (Preen 1995b).

5.3.2. Evaluation of the Burrum Heads pasture as dugong habitat

i. Defining dugong nutritional currency
The nutritional profiles of the four tropical seagrasses I sampled are generally consistent with
previous studies of the same species, e.g. Lanyon (1991), de Iongh et al. (1995), Aragones
(1996), Udy and Dennison (1997), Mellors (2003), Yamamuro et al. (2004), Yamamuro and
Chirapart (2005). The variation in nutritional ratios found in these seagrasses was significant
enough to assume a basis for dugong diet selectivity. However, it is uncertain whether energy or
nitrogen content is the more important nutritional currency for dugongs, and two opposing
hypotheses are applicable:
a) Energy-limitation hypothesis
The rate of energy intake is usually considered the test parameter for optimal foraging in large
mammalian herbivores (Illius and Gordon 1993, Van Wieren 1996). This rate maximising
hypothesis (Westoby 1974, Belovsky 1978, Stephens and Krebs 1986) may be an appropriate
model for dugong nutritional ecology. The preponderance of starch in the below-ground
component of these tropical species confirms previous findings that seagrass rhizomes provide a
rich source of starch (Birch 1975, Masini 1983, Lanyon 1991, Mellors 2003, Aragones et al. in
review). There was more than eight-times more starch in the below-ground component of H.
uninervis than above-ground. Whole-plant H. uninervis also possessed more than eight times as
much starch as H. ovalis or H. spinulosa. H. uninervis is consistently present in dugong stomach
content samples and the seagrass meadows dugongs target (Marsh et al. 1982, de Iongh et al.
1995, Preen 1995b, Aragones and Marsh 2000, Masini et al. 2001, André and Lawler 2003).
Hence, dugongs may be actively selecting H. uninervis over other seagrasses on the basis of its
elevated starch content alone.
b) Protein-limitation hypothesis
Nitrogen, which reflects protein content, is also considered a most important limiting parameter
for herbivores, and hence, a prime determinant of mammalian herbivore grazing patterns (e.g.,
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Mattson 1980, Prins and Beekman 1989, Wallis de Vries 1996, Prins and Olff 1998, Augustine
and Frank 2001, Mutanga et al. 2004). The nitrogen content of the leaves of all species of
seagrass studied here was within the range previously reported for tropical seagrasses (1.8% N
DW, cf. (Duarte 1990). Seagrasses contain low nitrogen concentrations (< 2 % DM) relative to
most terrestrial grasses (Birch 1975, Duarte 1990). The mean total nitrogen concentrations
recorded here were less than the 2.4 % recorded in the analysis of vegetation consumed by freeranging cattle by Wallis de Vries and Schippers (1994). Consequently, dugongs may not easily
meet their nitrogen requirements (Lanyon 1991).
If dugongs are nitrogen limited their feeding choices are likely to be influenced by variations in
the nitrogen content of seagrass forage. However, total whole-plant nitrogen for H. uninervis
(1.28 ± 0.05 %) and H. ovalis (1.21 ± 0.08 %) available to dugongs foraging off Burrum Heads
appears to be adequate when compared with the nitrogen requirements of large terrestrial
grazing mammals. Mature horses, which are hindgut fermenters like sirenians, require a diet
containing 8 % crude protein (1.28 % N) for maintenance and 10 % (1.6 % N) for work
(irrespective of intake rate as a result of constraints on gut capacity) (National Research Council
1989). However, based on the equine model, seagrass nitrogen content would be nutritionally
inadequate for dugongs during reproduction and growth. Protein requirements for horses
increase to 10.6 and 13.2 % (1.7 – 2.11 % N) during the last third of gestation and peak
lactation, respectively. Foals require 14.5 % crude protein (2.3 % N) for optima1 growth
(National Research Council 1989). It would be of value to monitor the foraging behaviours of
dugongs during pregnancy and lactation to ascertain how they meet these increased metabolic
protein demands, particularly if dugongs are more nitrogen limited than cattle and horses.
Lanyon (1991) and Mellors (2003) describe seasonal variation in seagrass nitrogen content, with
seagrass nutritional quality rising with seagrass quantity during the wet summer months.
Dugongs undertake mating and birthing during spring and summer months (Marsh et al. 1984,
Boyd et al. 1999, Kwan 2002), possibly to coincide with the greater seagrass abundance and
nutritional quality available during summer. Preen (1995a) suggests dugongs in Moreton Bay
supplement their diet with colonial ascidians during the winter months when seagrass nitrogen
concentrations drop. The paucity of ascidians recorded during my survey indicates that ascidian
foraging does not seem to occur in the Burrum pasture. Hence, the Moreton Bay seagrass
pastures may be more nitrogen limited than the Burrum pasture in winter (or the absence of
ascidians at Burrum precludes the ability of dugongs to feed on them). The lower water
temperatures of Moreton Bay may also require greater consumption of nitrogen to maintain
thermal equilibrium than Hervey Bay.
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ii. Is it possible to differentiate between these hypotheses?
Total whole-plant nitrogen for H. uninervis (1.28 ± s.e. 0.05 %) was slightly higher than that of
H. ovalis (1.21 ± s.e. 0.08 %) and more than 36 % higher than that of Z. capricorni (0.82 ± s.e.
0.04 %). This significant interspecies difference presents a strong case for dugongs selecting
between these species on the basis of nitrogen alone. However, by consuming the entire plant,
dugongs are also coincidentally maximising their nitrogen and starch intake, thus making it
impossible to differentiate between the energy and protein rate maximising hypotheses. Other
mammalian herbivores such as red deer (Wilmshurst and Fryxell 1995) and reindeer (Van der
Wal et al. 2000), also seem to successfully maximise their intake of both energy and protein-rich
food. Nonetheless, behavioural evidence for protein-maximising comes from Preen’s (1995b)
argument that dugongs in Moreton Bay use cultivation grazing as a foraging strategy to raise the
nutritional quality of seagrass pastures. Cultivation grazing theory argues that herbivores may
organise their resource use to achieve long-term maximisation of return and sustained renewal
patterns, rather than by maximally exploiting and depleting resources in the short term (Gordon
and Lindsay 1990).
Intensive grazing by dugong herds seems to increase seagrass nitrogen content and lower starch
concentrations (Aragones et al. 2006). Dugongs deliberately re-graze these areas despite the
reduced starch level, which suggests that nitrogen is the limiting nutrient driving this behaviour
(see also Chapter 7 which describes dugong foraging in detail). However, a forager that does not
maximise its current food intake to capitalise on the enhanced future nutrient profile of a
cultivated patch of food may only benefit during times of limited competition (Gordon and
Lindsay 1990, Hutchings and Gordon 2001, Ian Gordon, CSIRO pers comm.). Long-term
optimisation of food resource use in dugongs may not be possible because the animals are not
territorial (although see Anderson 1982b). In other words, a dugong that did not maximise its
current food intake to benefit from future ‘managed’ seagrass patches would be disadvantaged
because it would be unable to preclude intra and interspecific herbivores from exploiting the
accumulated food resources (Gordon and Lindsay 1990). Grazing-lawn theory may be a more
likely mechanism to explain dugong/seagrass interactions. In terrestrial grazing lawns, feeding
by herbivores in a patch increases the likelihood that animals will feed in the patch again
because it contain plants maintained in a juvenile, high-nutrient, rapidly growing state as a result
of the effects of grazing (McNaughton 1984, Fryxell 1991). Hence, grazing-lawn theory may
explain the enhanced nutritional quality of seagrass patches that are intensively grazed by
dugongs without the need for the long-term maximisation strategies or group-selection controls
required by cultivation grazing theory (Gordon and Lindsay 1990).
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5.3.3. Rankings of the nutritional quality of seagrass

Because dugongs remove up to 91 % of the seagrass biomass during feeding (Heinsohn et al.
1977, Anderson and Birtles 1978, Preen 1992), they are not as affected by nutrient variation
between plant tissues as many terrestrial herbivores (although, see Anderson (1998). Therefore,
quality rankings of seagrass species can be expressed from best to worst, determined by the
availability of the limiting nutrients and digestibility.
H. uninervis was arguably the most nutritious seagrass species found within the Burrum Heads
pasture, based on its significantly superior whole-plant nitrogen (1.28 ± s.e. 0.05 %) and starch
(6.42 ± s.e. 0.50 %) content. The nutritional superiority of H. uninervis has been demonstrated at
other sites, with Mellors (2003) recording an above-ground nitrogen level of 6.30 ± s.e. 0.25 %
at one north Queensland seagrass meadow. The poor nutritional quality of H. ovalis,
particularly its low starch content (0.75 ± 0.24 %), was shown by my data as well as those of
Mellors (2003), Yamamuro et al. (2004), Yamamuro and Chirapart (2005), Aragones et al.
(2006). This result is contrary to Preen’s (1995b) suggestion that dugongs preferentially feed on
H. ovalis, based on Lanyon’s (1991) finding that this pioneer species contains comparably
greater nitrogen and less lignin than Z. capricorni and H. spinulosa. Mellors (2003) measured an
above-ground nitrogen component of 2.36 ± s.e. 0.20 % in H. ovalis growing in north
Queensland sediments artificially boosted with fertiliser. As a caveat to regional comparisons,
this luxury uptake of nutrients suggests that H. ovalis acts as a nutrient ‘sponge’ and that
nitrogen concentrations in this species are probably site dependent.
Z. capricorni possessed higher total starch content (4.22 ± s.e. 0.33 %) than H. ovalis and
similar digestibility. Wake (1975) and Aragones et al. (2006) also found the starch value of Z.
capricorni was higher than H. ovalis. Preen (1993) observed dugong feeding trails that crossed
H. uninervis meadows stopping abruptly at the edge of dense Z. capricorni patches. Preen
(1995b) suggests the slower growing and dominant Z. capricorni to be the least preferred
species of seagrass (in Moreton Bay, Australia) because of its inferior nutrient content. Lanyon
and Sanson (2006b) describe the low mechanical breakability of Z. capricorni in the digestive
tract of dugongs which potentially lowers the nutritional value of this species.
In my study, H. ovalis was nutritionally superior to Z. capricorni only in its nitrogen content
(1.21 ± s.e. 0.08 % compared with 0.82 ± s.e. 0.04 %). However, this difference may be enough
to drive dietary selection for H. ovalis if nitrogen differences at this resolution are nutritionally
important. Yamamuro and Chirapart (2005) suggest dugong dietary preference for H. ovalis is
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based on its greater availability (forage abundance hypothesis) rather than its nutrient content
(selective-quality hypothesis). Given that the Burrum Heads site of highest H. ovalis biomass
coincided with that of H. uninervis, the best quality seagrass, H. ovalis may have been selected
incidentally at this site. This is not true in Moreton Bay, where extensive (> 5 km2)
monospecific meadows of H. ovalis have been observed with dugong feeding trails (Preen
1995b).
My results agree with those of Lanyon (1991) in ranking H. spinulosa as the most fibrous and
least digestible seagrass. H. spinulosa is apparently seldom selected as forage by dugongs, and
my results support previous hypothoses suggesting fibre as a major deterrent to dugong foraging
(e.g., Heinsohn and Birch 1972, Lipkin 1975, Wake 1975, Lanyon 1991, Preen 1995a). My data
differ from Lanyon’s (1991) in placing H. uninervis over Z. capricorni and H. ovalis in terms of
greater NDF content. However, despite this variation in fibre content, H. uninervis, Z.
capricorni and H. ovalis all showed similar IVDMD (d.f. = 3, F = 0.93, p = 0.43). Therefore,
since IVDMD is a more functional measure of dugong food quality than NDF (because it is a
more direct measure of the ability of dugongs to digest plant material) and because digestibility
for H. uninervis, Z. capricorni and H. ovalis was similar, seagrass nutritional quality can be
measured by starch and nitrogen alone.
In summary, my results suggest that depending on whether dugongs are energy or nitrogen
limited, the nutritional quality of the four seagrass species available to foraging dugongs within
the Burrum Heads pasture can be ranked as follows (see also Chapter 7):
Dugong energy-limitation hypothesis:
H. uninervis < Z. capricorni < H. ovalis < H. spinulosa
Dugong protein-limitation hypothesis:
H. uninervis < H. ovalis < Z. capricorni < H. spinulosa

5.3.4. Foraging efficiency within the Burrum pasture

The interpolated maps of nutrient distribution across the Burrum Heads seagrass pasture
(Figures 5.8 and 5.9) suggest that a dugong seeking herbage high in either nitrogen or starch
must focus its foraging effort in patches of dense H. uninervis to forage optimally. Nitrogen and
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starch are concentrated where H. uninervis is prevalent because H. uninervis is highest overall in
both these nutrients and in biomass compared with the other seagrass species.
A grazing animal will also forge more efficiently if its food resource is aggregated into highdensity patches rather than spread evenly across a large distance. H. uninervis formed the
largest, most clustered patches of dense biomass of the seagrass species recorded in the survey
area, which probably enhances dugong foraging and grazing efficiency. The high foraging
efficiency characteristic of the Burrum Heads seagrass pasture is the likely determinant of its
value as habitat to dugongs in the region (see also Chapter 7).

5.3.5. Base carrying capacity of the Burrum Heads pasture

Preen (1992) estimated the average seagrass dietary intake of a dugong to be 3.22 kg DW per
day. Assuming that the carrying capacity of a seagrass pasture to support a dugong population is
a linear function of its biomass, the Burrum Heads pasture could support 152 dugongs grazing
both H. ovalis and H. uninervis at 3.22 kg DW per day for a year, even in the absence of
growth/recovery of seagrass. Aerial surveys (Marsh and Lawler 2001) and dugong tagging with
the aid of spotter aircraft (Chapters 3 and 4) off Burrum Heads from 2002 - 2004, observed no
more than 80 animals at this site during any single day, with an average around 10 - 30. Hence,
the Burrum Heads seagrass pasture currently appears to be considerably ‘understocked’.
From an optimal foraging perspective, underutilisation of the Burrum Heads seagrass pasture
may prevent overgrazing. Telemetric observations of frequent large-scale movements out of the
Burrum Heads habitat (Chapter 4) could allow time for the pasture to recover from over-grazing
– a form of rotational cropping, balanced against the cultivation grazing strategy argued by
Preen (1995b). Alternatively, the Hervey Bay dugong population may not have recovered to preEuropean levels large enough to meet the carrying capacity of the habitat because of
anthropogenic causes of mortality, such as capture in gill nets, boat strikes, habitat loss and a
dedicated dugong fishery until the 1960s (see: Preen and Marsh 1995, Marsh 2000, 2002, Daley
2005, Marsh et al. 2005, Maitland et al. 2007).

5.3.6. Conclusions
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I posit that: (1) the dugongs in the Hervey Bay region exhibit at least a landscape-level matching
interaction with the Burrum Heads seagrass pasture based on its intense use, and; (2) selection of
this site as dugong habitat is predicated on the characteristics of the specific seagrasses that
predominate there. The survey area was dominated by extensive meadows of fast-growing H.
uninervis configured into highly clustered patches of relatively dense biomass. Although starch
and nitrogen are concentrated in morphologically separate components of the seagrass plant,
dugongs consume the entire plant, making it difficult to prove whether they are energy or
protein rate maximising. H. uninervis was the most overall nutritious seagrass species found
within the dugong habitat hotspot, followed by; Z. capricorni if starch is the most important
limiting nutrient, or; H. ovalis if nitrogen is.
Given that H. ovalis possessed lower starch concentrations than Z. capricorni, it could be
assumed that Z. capricorni would be more preferred dietary species. Analysis of dugong gut
samples and observations of feeding habits tends to refute this, however. Thus, either the higher
nitrogen concentrations recorded in H. ovalis provide the tipping factor for dugong preference
for this species or else some other unidentified critical chemical or mechanistic factor (e.g. patch
configuration or structural ‘breakability’ (Lanyon 1991, Lanyon and Sanson 2006b) inhibits
dugong feeding on Z. capricorni. The seagrass food resource comprising the Burrum Heads
dugong pasture appears to be utilised well below its potential carrying capacity as a means of
preventing overgrazing or as a reflection of historical population decline.

2.0

Chapter summary


A 24 km2 seagrass meadow in Hervey Bay, Queensland, Australia was confirmed as
important dugong habitat by satellite tracking.



Marine videography, Near-infrared Spectroscopy (NIRS) and Geographic Information
Systems (GIS) were used to survey, analyse and map seagrass species composition,
nutrient profile and patch structure at high resolution (200 m).



Five species of seagrass covered 91 % of the total habitat area. The total above and
below-ground seagrass biomass was estimated to be 222.7 ± s.e. 19.6 t dry-weight.
Halodule uninervis dominated the pasture (81.8 %, 162.2 t), followed by Halophila
ovalis (35.3 %, 16.5 t), Zostera capricorni (15.9 %, 22.2 t), Halophila spinulosa (14.5
%, 21.9 t), and traces of Halodule pinifolia. Because seagrass distributions overlapped,
their combined percentage totalled > 100 % of the survey area.



The seagrass formed a continuous meadow of varying density.



Abiotic variables explained relatively little of the spatial patterns in the seagrass.
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For all seagrass species, the above-ground component (shoots and leaves) possessed
greater total nitrogen than the below-ground component (roots and rhizomes), which
possessed greater total starch.



Because of the relatively low intraspecific variation in nutrient composition, nutrients
were concentrated according to seagrass biomass density.



H. uninervis was the most nutritious seagrass species because of its superior whole-plant
nitrogen (1.28 ± s.e. 0.05 % DW) and starch (6.42 ± s.e. 0.50 DW %) content. H.
uninervis formed large, clustered patches of dense biomass across the pasture and thus
nitrogen and starch were concentrated where H. uninervis was prevalent.



This seagrass meadow appears to be utilised well below its potential dugong carrying
capacity. The survey and analytical techniques used in this chapter enabled rapid,
economical and accurate quantification and characterisation of seagrass habitat at scales
relevant to a large forager.
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Table 5.1. Cover and biomass attributes of seagrass species found within the survey area at Burrum Heads.

Species

Total cover (h)
1944.2
839.3
377.7
337.9

Halodule uninervis
Halophila ovalis
Zostera capricorni
Halophila spinulosa

Intertidal
cover (h)
563.6
259.4
162.4
0

Subtidal
cover (h)
1380.6
579.9
215.5
337.9

% survey
area
81.8
35.7
16.2
13.8

Number of
patches
987
291
93
66

Total
biomass (t)
162.20
16.51
22.15
21.86

Std Err
6.13
3.03
4.64
5.82

Intertidal
biomass (t)
24.06
3.95
7.26
0

Std Err
0.94
0.35
0.01
0

h = hectares; t = tonnes dry-weight; patch = contiguous 10m-2 grid cells of the same (mean percentage) cover value

Table 5.2. Mean % nutrient values for above and below ground plant fractions of each species of seagrass at Burrum Heads.
Species

Plant
component

N

se

H. uninervis (n = 51)

Above ground

1.99

0.05

Below ground

0.90

0.03

Total plant

1.28

Above ground
Below ground

H. ovalis (n = 15)

Z. capricorni (n = 42)

H. spinulosa (n = 6)

N : Halodule N
ratio

Starch

se

1.00

0.99

0.11

1.00

8.76

0.50

0.05

1.00

6.42

1.64

0.08

0.82

0.78

0.04

0.87

Total plant

1.21

0.08

Above ground

1.61

Below ground

0.66

Total plant

Starch :
Halodule
starch
ratio

WSC

se

OM

se

NDF

se

Lig

se

IVDMD

se

1.00

2.21

0.31

47.98

1.62

52.50

1.61

20.16

0.46

71.74

1.01

1.00

2.83

0.23

45.16

1.29

51.41

0.85

18.85

0.40

66.11

0.89

0.50

1.00

2.52

0.23

45.90

1.30

51.60

1.07

19.17

0.37

67.48

0.79

0.37

0.14

0.37

1.47

0.42

44.03

3.43

51.14

1.36

16.53

1.05

67.51

3.89

0.87

0.31

0.10

2.54

0.42

38.07

2.35

46.53

1.79

15.08

1.08

67.99

2.55

0.95

0.75

0.24

0.12

2.14

0.37

40.61

1.94

48.86

1.69

15.73

0.96

67.43

2.76

0.05

0.81

1.00

0.14

1.01

2.43

0.24

49.89

1.44

48.43

1.14

18.37

0.40

71.16

1.07

0.03

0.73

3.82

0.33

0.44

2.34

0.21

39.02

1.46

43.03

0.81

13.19

0.46

65.73

1.05

0.82

0.04

0.64

4.22

0.33

0.66

2.20

0.19

41.03

1.27

44.04

0.75

14.32

0.45

66.85

0.91

Above ground

1.17

0.05

0.59

0.63

0.17

0.64

1.29

0.40

41.25

3.29

52.81

1.28

13.99

0.60

63.64

2.62

Below ground

0.66

0.03

0.73

0.74

0.20

0.08

2.09

0.37

37.87

2.84

50.09

1.51

13.92

0.83

67.20

2.27

Total plant

0.88

0.04

0.69

0.70

0.15

0.11

1.97

0.37

38.64

2.34

50.83

1.06

13.54

0.54

63.93

2.26
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Table 5.3. Mean total whole-plant biomass and mean, minimum and maximum total nitrogen and starch in dry-weight grams per square metre across
the Burrum Heads survey area. Values are calculated from the kriging interpolations of seagrass patches, with a patch defined as contiguous 10 m-2 grid
cells of the same (mean percentage cover) value of the same species of seagrass. For example, the maximum nitrogen concentration value represents the
weight in grams of that nutrient per m2 across a 10 m2 patch of the highest cover of that seagrass within the survey area.

Mean total biomass
2
g DW/m
6.827

H. ovalis
Z. capricorni
H. spinulosa

H. uninervis

se
0.26

Mean N
2
g DW/m
0.087

0.695

0.13

0.932

0.13

0.935

0.13

se
0.0117

Min N
2
g DW m
0.006

0.008

0.0011

0.008

0.0014

0.008

0.0014

se
0.0008

Max N
2
g DW/m
0.468

0.011

0.0001

0.035

0.0003

0.054

0.0003

se
0.0071

Mean Starch
2
g DW/m
0.438

0.113

0.0003

0.115

0.0005

0.078

0.0004

se
0.1059

Min Starch
2
g DW/m
0.032

0.005

0.0015

0.039

0.0144

0.007

0.0073

se
0.0075

Max Starch
2
g DW/m
2.349

se
0.0640

0.007

0.0001

0.070

0.0005

0.180

0.0030

0.594

0.0054

0.043

0.0018

0.062

0.0022

DW = dry-weight
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CHAPTER 6.
Physical habitat correlates of the behaviour of a marine
mammal grazer: the effects of tidal and diel cycles on
dugong space use

The role of the physical environment in modifying the habitat use and activity budgets of terrestrial
mammalian grazers has been well documented. However, our understanding of the role of
environmental factors in determining sirenian behaviour is limited. In this chapter my objective was to
determine the effects of habitat physical variables on patterns of dugong space-use. I matched dugong
telemetry data with the physical habitat variables within eight coastal habitats that were
physiographically dissimilar. Diel and tidal patterns in dugong movements were investigated by GPStracking twelve dugongs in five inshore/intertidal and three offshore/subtidal habitats along the coast of
Queensland, Australia.
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6.0. Introduction
The role of the physical environment in modifying the habitat use and activity budgets of terrestrial
mammalian grazers has been well documented (e.g., Nellemann and Fry 1995, Gordon et al. 1996,
Alvarez-Cardenas et al. 2001, Kie et al. 2005). Rainfall and soil mineral patterns determine the
distribution and productivity of food plants and thereby the spatial patterns and habitat use of African
and North American grazers (McNaughton and Georgiadis 1986, Frank and Groffman 1998). Grazing
is often constrained by the distance to available water sources, particularly in arid environments
(Andrew 1988, James et al. 1999). Topography can also constrain and enhance terrestrial grazing: steep
slopes can limit access to food resources (Coughenour 1991, Bailey et al. 1996) as well as improve the
ability of grazers to detect predators visually and escape from them (Alvarez-Cardenas et al. 2001,
Bangs et al. 2005). The activity patterns of large terrestrial mammalian grazers are often determined or
modified by light intensity and the diel cycle. For example, African buffalo (Ryan and Jordaan 2005)
and hippopotami (Lock 1972) rest during the day and forage predominantly at night.
As explained in Chapters 1 and 2, advances in the ecology of large mammalian grazers have mainly
been based on terrestrial models. Inclusion of an aquatic perspective has the potential to significantly
enhance our understanding of mammal grazer ecology. For example, the robustness of foraging models
developed from terrestrial grazing systems (e.g., patch leaving strategies, reviewed by Searle et al,
2005) could be validated by testing whether marine grazers exhibit the same behaviours as terrestrial
grazers within the context of their marine habitats. Sirenians (dugongs and manatees) are large, aquatic,
mammalian grazers that inhabit shallow intertidal areas (Heinsohn and Birch 1972, Bertram and
Bertram 1973, Husar 1978, Hartman 1979, Marsh et al. 1982, Preen 1995b, Marsh et al. 2002, Deutsch
et al. 2003b, Spiegelberger and Ganslosser 2005). Our understanding of the role of environmental
factors in determining sirenian behaviour is limited, despite research spanning nearly 40 years
(Heinsohn and Birch 1972, Hartman 1979, Anderson 1982b, Reynolds and Wilcox 1985, Marsh and
Rathbun 1990, Reynolds and Wilcox 1994, Preen 1995b, Deutsch et al. 2003b). Detailed information
on the spatial ecology and behaviours of sirenians is lacking because of the difficulties involved in
directly observing wild animals. Information on sirenian behaviours must often be acquired remotely
using sophisticated and expensive technologies, such as satellite telemetry. The marine environment is
typically harsh on such equipment, and sirenians often inhabit remote areas far from urban centres and
logistical support. Even though sirenians mainly occur in developing countries sirenian research is
biased towards populations that occur in first-world nations because developing countries typically lack
the infrastructure and resources to conduct extensive and expensive observational studies (Marsh et al.
2002).

111

CHAPTER 6: Physical habitat correlates of the behaviour of a marine mammal grazer

Florida manatees are the most studied sirenians. Physical variables that influence the habitat use and
activity patterns of Florida manatees include: (1) bathymetry; (2) wind and wave action; (3) access to
freshwater sources, and; (4) access to warm-water thermoregulatory sites (Hartman 1979, Lefebvre et
al. 2000, Deutsch et al. 2003b). Manatees are closely associated with, and possibly dependent on,
freshwater (Reynolds and Odell 1991, Olivera-Gomez and Mellink 2005) and typically inhabit waters <
4 m deep (Haubold et al. 2006). Hartman (1979) reported that: (1) manatees in Western Florida tend to
avoid habitats < 1.5 m deep unless these areas have ready access to deep water refuges, and; (2) fast
moving currents (> 5 km/h) discourage habitat use by manatees. At the high latitude limit of their range
(north Florida/south Georgia coast) Florida manatees travel large distances to warm-water sites during
winter because of their limited thermoregulatory capacity (Deutsch et al. 2003b). Horikoshi-Beckett and
Schulte (2006) report that captive adult Florida female manatees alter their location throughout the day
to maximise absorbance of the sun’s warmth. However, the behaviours of manatees are generally
arrhythmic, with feeding, resting, travelling, and socialising showing no consistent diel patterns
(Hartman 1979, Best 1981).
Dugongs differ from manatees in morphology, habits and geographical distribution, being strictly
marine and seagrass specialists (Heinsohn et al. 1977, Marsh et al. 1982, Chapters 1 and 2). Marine
algae are occasionally eaten by dugongs, although probably only when seagrasses are scarce (Spain and
Heinsohn 1973, Marsh et al. 1982). Invertebrates are also sometimes eaten (e.g., crabs, hydroids and
ascidians), and dugongs may deliberately forage for macro-invertebrates near the southern limits of
their range in Australia (Anderson 1989, Preen 1995a). Consequently, the behavioural responses of
dugongs to physical factors may differ from those of manatees. Bathymetry constrains dugong grazing
to coastal and island waters < 60 m deep because seagrass growth is hampered by the low light
intensities of deep waters (Lee Long et al. 1996). Dugongs frequently forage over shallow, intertidal
seagrass meadows and move closer to the shore at high tide (Marsh and Rathbun 1990, Preen 1995b,
Anderson 1998, Aragones and Marsh 2000, Hodgson 2004, Chapter 7). Tidal periodicity restricts
dugong foraging on shallow, intertidal seagrass meadows in many locations to twice in a 24-hour period
(Anderson and Birtles 1978, Anderson 1981). Studies of diving activity in dugongs by Chilvers et al.
(2004) suggests they forage throughout the diel cycle, though the role of light intensity in dugong
foraging has not been directly investigated. Dugongs have limited thermal tolerance and travel large
distances to warm-water thermoregulatory sites during winter at the high latitudes of their range (Preen
1992, Anderson 1994, Marsh et al. 1994, Chapter 4). However, more information is required on the
spatial responses of dugongs to physical factors at fine-scales.
Recent advances in telemetry can provide unprecedented fine-scale detail on the movement and spatial
behaviours of dugongs (Marsh and Rathbun 1990, Chapters 3 and 4). GPS telemetry provides greater
numbers of higher resolution location fixes from tagged wildlife than earlier VHF or Argos PTT
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transmitters (Rodgers et al. 1996). Advances in wildlife telemetric technologies have occurred
simultaneously with advances in spatial theory, computing power and software, including geographic
information systems (GIS) (Knick and Dyer 1997, Liebhold and Gurevitch 2002). These spatial
analytical techniques are powerful conservation management tools, providing reliable measures of the
relationship between the behaviour of a species and the environmental variables within its habitat (Keitt
et al. 2002).
Despite the accuracy of GPS technology, location error can lead to incorrect interpretations of spatial
patterns and misrepresentations of habitat use (Frair et al. 2004, Visscher 2006). Telemetric studies of
terrestrial and riverine wildlife are subject to reduced location data arising from shading by terrain or
tree canopies (Rempel et al. 1995, Moen et al. 1996, 2001, D’Eon et al. 2002, D’Eon 2003, Frair et al.
2004, Graves and Waller 2006). Shading will not affect GPS tags deployed on marine wildlife.
However, the marine environment introduces another source of ‘missed fixes’, which is potentially a
major source of bias. Radio signals are attenuated in salt water because of its high electrolyte content
(Marsh and Rathbun 1990). To increase the likelihood of tags transmitting a location when submerged,
the tag assembly used in dugong tracking consists of a floating transmitter attached to a 3 m semi-rigid
tether, as explained in Chapter 3. The tether is secured to the animal by a padded strap around the
caudal peduncle to allow the tag to surface when the animal is in shallow water (< 3 m) or surfacing to
breathe. Tags attached to dugongs using a tether are more often at the surface in shallow water than
deep water. When dugongs are moving quickly (> 1 km/h) the unit is more often pulled under the water
than when the animal is moving slowly. Consequently, greater numbers of locations are acquired from a
dugong within a shallow intertidal area than an animal within a deep subtidal meadow and more
locations are acquired from a slow moving dugong than an animal that is moving quickly (see Chapter
4). Estimates of dugong space-use may be confounded if the effects of depth and speed on fix
probability are not acknowledged.
The objective of this chapter was to identify the role of physical environmental characteristics in
determining the activity patterns and fine-scale space-use of dugongs tracked in intertidal and subtidal
seagrass habitats using GPS telemetry, GIS and spatial modelling. The location and extent of eight
physiographically dissimilar habitats were identified from an analysis of the dugong GPS data. Finescale patterns of dugong movement behaviour were then matched with the environmental factors
specific to each habitat. I stratified my analyses across tidal and diel cycles to enable me to explore the
effects of time and tide on dugong habitat use and to minimise the effects of autocorrelation. My
hypothesis was that dugong spatial patterns within inshore/coastal habitats are modified by the
periodicity of diel and tidal cycles and that dugongs within these sites are constrained in their habitat
use by diurnal shifts in habitat availability.

113

CHAPTER 6: Physical habitat correlates of the behaviour of a marine mammal grazer

6.1. Methods

6.1.1. Dugong GPS telemetry

Twelve dugongs were captured within the Burrum Heads area of Hervey Bay, Queensland, Australia
during the winters (June/July) of 2003, 2004 (see Chapter 3). The dugongs were caught using the
techniques of Marsh and Rathbun (1990) and Lanyon et al. (2006). Full details of the catching
technique, satellite tag and harness assembly can be found in Chapter 3. The tags were programmed to
attempt a fix every 20 minutes. GPS availability and Position Dilution of Precision (PDOP) signal
quality were analysed for the period that each animal was tracked using Trimble™ GPS Planning
Software (vers. 2.35b) to determine whether telemetric performance varied during the tracking period.
Seven of the twelve captured dugongs remained within the Burrum habitat following tagging and
release. The other animals made large-scale moves (LSMs) (> 15 km, see Chapter 4) to various habitats
within Hervey Bay, including Kauri Creek, Turkey Island, Point Vernon, Woodgate and Fork Bank as
well as to Clairview and Gladstone to the north of Hervey Bay (Figure 6.1).

6.1.2. Characterising physical attributes of core habitats

A seagrass meadow was defined as a core dugong habitat if more than 10 days of satellite location fixes
were obtained from an individual animal occupying an area <100 km2. Habitats were categorised as
inshore/intertidal or offshore/subtidal depending on their distance to the shore and the water depth.
Inshore/intertidal habitats had a component that was exposed at low-tide. Offshore/subtidal habitats
were at least 5 km from the nearest mainland and were at least 3 m deep at mean low water spring tide
(MLWS). The mean inshore/intertidal habitat size was 12.8 km2 (± 3.3 se), the mean offshore/subtidal
habitat size was 21.0 km2 (± 11.0 se). The spatial extent of each habitat was defined using the 95 %
boundary of the individual kernel home range of each tracked dugong resident within the habitat, as
explained in Chapter 5. The spatial extent of habitats with two or more resident tracked dugongs was
defined by overlaying their home ranges to create a single area. Fixed kernel estimators with a leastsquares cross validation (LSCV) smoothing function (Kernohan et al., 2001) were used to measure
dugong home ranges, using the Animal Movement Analyst Extension (AMAE) (Hooge & Eichenlaub,
1997) for the ArcView v3.3 GIS program (Environmental Systems Research Institute, Inc., Redlands,
CA).
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A high resolution (200 m) bathymetric surface was interpolated using the kriging function in ArcGIS
Geostatistical Analyst 9.0 (2004, ESRI Inc.) from tide-corrected depth values sampled from the Burrum
habitat (see Chapter 5). Kriging is an optimal technique for linear unbiased estimation and interpolation
in which surrounding measured values are weighted to derive a prediction for an unmeasured location.
Georeferenced bathymetry maps for the other habitats were imported into a GIS from the Australian
Hydrographic Office (1999, Wollongong, Australia). The bathymetric depths in the core habitats ranged
from 0 to 17 m MLWS. Tidal heights recorded in the core habitats during the tracking periods ranged
from 0.3 to 6.0 m (Mean experienced tidal height = 1.6 ± 0.01 se m, min = 0.3 m, max = 6.0 m) (Table
6.2).

6.1.3. Linking dugong space-use to physical habitat variables

For each dugong location fix, several location attributes were recorded: (1) the shortest distance to the
coast; (2) the depth of the bathymetry at Mean Low Water Springs (MLWS); (3) the actual water depth
(bathymetric depth plus the height of the tide at the time the fix was recorded), and; (4) for the dugongs
in inshore/intertidal habitats, the distance to the nearest subtidal refuge (> 3m MLWS). Proximity to a
subtidal refuge was calculated for the animals within inshore/intertidal habitats because dugongs
usually flee directly to deep water when disturbed (Hodgson 2004, Chapter 3). Minimum travel speed
immediately after each fix (m/hr between consecutive location fixes taken no more than 40 min apart)
was also estimated. The distributions of combined bearings to consecutive location fixes were
calculated for the dugongs at Burrum and Kauri Creek and plotted using the program Oriana™ (19942003 Kovach Computing Services) to determine the effects of day/night and tide on dugong movement
directions. Location data were filtered to restrict the data to bearings between fixes < 40 minutes apart.
Bearings were analysed separately for the individual dugongs in the other three inshore/intertidal and
offshore/subtidal habitats. Oriana was also used to examine the 24-hour distribution of location fix
acquisition during the tracking period across the tidal cycle. The spatial behaviours of animals tracked
in the inshore/intertidal and offshore/subtidal habitats were compared.

6.1.4. Summarising & stratifying the telemetry data

Exploratory analysis suggested strong tidal and diurnal effects, but successive location fixes of
individual animals collected using satellite telemetry typically result in highly autocorrelated datasets
(Boyce et al. 2002). Autocorrelation can invalidate standard statistical hypothesis testing (Cushman et
al. 2005) and lead to incorrect conclusions regarding the importance of environmental variables as
determinants of animal habitat use (Alldredge and Ratti 1986, Thomas and Taylor 1990, White and
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Garrott 1990, de Solla et al. 1999, Cushman et al. 2005). Removing autocorrelated fixes from the
dataset not only reduces the sample size, but may also limit the biological significance of the analysis
because autocorrelation may provide valuable information about the scale and patterns of animal
behaviour (Legendre 1993, de Solla et al. 1999, Keitt et al. 2002, Calenge et al. 2005).
In response to this problem, Swihart and Slade (1985) applied Schoener’s (1981) bivariate extension of
von Neumann's ratio to test for autocorrelation in time series of animal locations in Cartesian space.
Schoener's ratio is t2/r2, where t2 = mean squared distance between successive observations and r2 = the
mean squared distance of all observations from the arithmetic mean centre of activity, given by:

where (Χ1 and Y1) are location data coordinates and m represents the number of pairs of successive
observations (Schoener 1981, Swihart and Slade 1985). Time to independence (TTI), at which
autocorrelation is absent in successive observations, is calculated by successive subsampling until
independence is achieved at three successive sample intervals. A value of t2/r2 near 2 is consistent with
independence. The mean TTI of the seven dugongs tracked in the Burrum habitat was 273.3 ±17.3 se
min, substantially greater than the minimum interval between fixes (20 min). Hence, the dugong
location dataset was highly spatially autocorrelated and using standard statistical tests with the raw data
would have increased the probability of a type I error by inflating the degrees of freedom (Legendre
1993).
To mitigate the autocorrelation effects I summarised each individual dugong’s dataset by stratifying
location fixes across the diel and tidal cycles experienced within each habitat. The location data for
each individual were arbitrarily divided into low-tide (< 1.3 m MLWS), intermediate-tide (> 1.3 and <
1.9 m MLWS) and high-tide (> 1.9 m MLWS). Tidal height categories were based on the range of tidal
heights occurring at each habitat during the tracking period and the frequency of tidal heights
experienced by each dugong. The effect of the diel cycle on dugong spatial patterns was also analysed.
The three tidal categories of location data were further delineated into day and night treatments
according to the sunrise and sunset times within each animal’s location fix dataset. Each specific
combination of tidal and diel factors was evaluated once for every 24-hours that the individual was
tracked. 24-hour periods with less than three location fixes were discarded. By dividing the 24-hour
period by the two diel and three tidal levels my time unit for each data point was approximately four
hours (24-hour period/6 diel & tidal levels). By summarising the dugong location data to about 240
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minutes (close to the mean TTI of 273 minutes) my stratification method reduced the effects of
autocorrelation and improved the independence of the dataset.

A.

B.

Figure 6.1. A: Map of the Queensland coastline showing the location of the Clairview, Gladstone and Hervey
Bay dugong habitats. B: Close up map of Hervey Bay from the insert box in Figure 6.1A showing the location of
three inshore/intertidal (Burrum Heads, Turkey Island and Kauri Creek) and three offshore/subtidal (Woodgate,
Point Vernon and Fork Bank) dugong habitats.

6.1.5. The General Linear Model

The summarised and stratified location data for the seven dugongs resident in the Burrum
inshore/intertidal habitat were analysed using a GLM to model the spatial responses of dugongs to a
small subset of possible physical habitat variables. Each individual animal’s summarised location data
were combined and analysed using a three-way factorial ANOVA for the following fixed dependent
variables: (1) distance to the coast (km); (2) actual water depth (m MLWS); (3) distance to the nearest
deep water > 3m MLWS (km). Tidal status (high, intermediate and low) and diel status (day, night)
were used as fixed factors. Individual animal was used as the sample unit and as a random factor. Tidal
status, diel cycle and animal were crossed. The 24-hour period within which the location data was
summarised for each animal was used as the replicate (Figure 6.2). For most of the other
inshore/intertidal sites there were very few replicate animals (at each of Clairview, Gladstone and
Turkey Island there was a single animal only). Consequently, the differences in habitat could not be
separated from individual animal responses/behaviours at these sites. Thus, the larger GLM was

117

CHAPTER 6: Physical habitat correlates of the behaviour of a marine mammal grazer

restricted to those animals that used the Burrum habitat extensively and no formal statistical
comparisons were made between habitats.

Figure 6.2. Schematic diagram of the analytical methodology used to summarise the dugong location data for the
factorial General Linear Model.

6.2. Results
Nine males and three females of lengths between 1.9 and 3.0 m (mean = 2.6 m ± se 0.01) were captured
in the Burrum habitat and GPS tracked (Table 6.1). Each of these dugongs provided sufficient GPS
location fixes to identify eight core habitats and to analyse dugong spatial patterns within each habitat
(Table 6.2, Figure 6.1). On average the tracked animals spent 670 hours (± 77 se) in each listed habitat
(Table 6.2). Seven of the 12 captured dugongs remained within the Burrum intertidal habitat following
tagging and release. The other animals made large-scale moves (LSMs; using the movement definitions
of Chapter 4) to various habitats. Three animals, ‘Bulla’, ‘Gandhau’ and ‘Wurraman’, left the Burrum
habitat at the start of the tracking period to make 90 km meso-scale LSM south to the Kauri Creek
inshore/intertidal habitat (Figure 6.1). Wurraman then returned to the Burrum habitat briefly before
making a 200 km macro-scale LSM north to become resident at the Gladstone inshore/intertidal habitat.
‘Narawi’ was initially resident within the Burrum habitat for eight days before he made a 40 km mesoscale LSM southeast to the Turkey Island inshore/intertidal habitat. Narawi stayed in the Turkey Island
habitat for 15.5 days and then returned to Burrum where he was resident for the rest of the tracking
period. ‘Wunai’ left the Burrum habitat immediately after tagging and made a 500 km macro-scale
LSM north to become resident within the Clairview inshore/intertidal habitat for the remainder of the
tracking period. Three dugongs (‘Gulawa’, ‘Yuangan’ and ‘Yarrilee’) made meso-scale LSMs out of
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the Burrum intertidal habitat directly after release to become resident in separate offshore/subtidal
habitats (Woodgate, Point Vernon and Fork Bank) within Hervey Bay (Figure 6.1.B, Table 6.1).

6.2.1. Patterns of location fix acquisition across the diel and tidal cycle

A mean of 795 (± 61 se) location fixes was obtained for each dugong (range = 339 – 1238), at an
average rate of 31.4 (± 2.0 se) fixes per day (min = 1; max = 72). The frequency of location fixes
recorded throughout the diel cycle from dugongs tracked in the Burrum, Kauri Creek and Clairview
inshore/intertidal habitats exhibited a clear circadian periodicity (Figure 6.3.A and B). More location
fixes were acquired during the night than during the day: the mean ratio of day fixes (6:00am to 6:00
pm) to night fixes (6:00pm to 6:00am) across dugongs was 0.64 (± 0.06 se). The frequency of the
acquisition of location fixes from inshore/intertidal dugongs across 24-hours typically exhibited minima
between 8:00am and 1:00pm and maxima around midnight. There was a more than 3-fold difference
between the maximum and the minimum. At Burrum, for example, 40 % of attempted location fixes
were successful in the period around midnight (11:00pm to 1:00am), compared with 12 % successful
around midday (11:00am to 1:00pm). The circadian periodicity of location fixes was less evident in the
two dugongs tracked within the Turkey Island and Gladstone inshore/intertidal habitats than for
dugongs tracked in the Burrum inshore/intertidal habitat (Table 6.1); however, fewer location fixes
were acquired for these animals than the dugongs at the Burrum, Kauri Creek and subtidal/offshore
habitats.
The circadian pattern of the acquisition of location fixes occurred at all tide levels and throughout the
three months that the dugongs were tracked (Figure 6.3). Fix periodicity was less pronounced for the
three animals resident in the offshore/subtidal habitats than in the inshore/intertidal habitats. While
location fixes from the offshore/subtidal animals remained more common at night on average, the
differences between day and night were small (Figure 6.3.C). However, overall fix frequencies per 24hour period appeared similar in offshore/subtidal and inshore/intertidal habitats (Table 6.1, column 8).
Analysis of GPS availability and positional dilution of precision (PDOP) signal quality showed no
significant patterns during the tracking period and these values were dispersed over the diel cycle
(Figure 6.3.D). There were no circadian patterns in GPS availability or signal quality. Thus, the
circadian patterns in fix frequency reflected the behaviour of the dugongs rather than the attributes of
the GPS telemetry system.
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A.

B.

C.

D.

Figure 6.3. Stacked circular histograms comprised of parallel-sided bars that show the number of observations of dugong
locations within each class. A. The numbers of location fixes acquired from seven dugongs tracked in the Burrum habitat for an
average of 32 days during winter 2003 – 04. The temporal distribution of fix acquisition was non-uniform with a night bias. The
total mean location time was 23:50 (thin black line line with 95% C.I.). B. Circular frequency plot of location fixes acquired from
three dugongs tracked in the Kauri Creek habitat for an average of 28 days during the same period. The temporal distribution of
fix acquisition had the same non-uniform pattern and night bias as the Burrum dugongs. C. Circular frequency plot of location
fixes acquired from three dugongs tracked in the subtidal habitats for an average of 31 days during the same period. The temporal
distribution of fix acquisition was more uniformly distributed, although the mean location time was similar to that of the intertidal
dugongs (23:40). D. Plot of Position Dilution of Precision (PDOP) values during the GPS tracking period. PDOP is a measure of
satellite geometry and is determined by the availability of satellites to the receiver: lower DOP values indicate more accurate GPS
positions. A DOP value of 4 or less yields excellent positions. A DOP between 5 and 7 is acceptable; a DOP of 7 or more is poor.
Only 1.3% of DOP values during the tracking period were >4. The DOP values did not show consistent patterns, indicating that
the diel patterns of location acquisition variation for dugongs cannot be explained by GPS sampling accuracy or by satellite
availability
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6.2.2. Influence of physical variables on the spatial patterns of dugongs

i. Effects of diel and tidal cycle on water depth used by dugongs
The actual water depth experienced by the tracked dugongs (experienced depth) at fix locations varied
throughout the day within the five inshore/intertidal habitats and for one of the three offshore/subtidal
dugongs (Figure 6.4.A.). The animals tended to be in the deepest locations in the morning between
6:00am and 3:00pm and in shallower locations in the late afternoon and at night. Bathymetric depths,
predictably, showed a similar circadian pattern to experienced depths, but were also modified by tidal
periodicity. The tracked dugongs were in areas of deeper bathymetry during low-tides than during
intermediate or high tides. There was a circadian effect on bathymetric depth for the dugongs within the
Kauri Creek inshore/intertidal habitat only during low-tide, when the animals were in deep water during
6:00am to midday.
The GLM confirmed a significant effect of tidal height and diel stage on the actual water depth where
the dugongs in the Burrum habitat were located, again varying between animals (Table 6.3). Six
dugongs in the Burrum habitat were in deeper water during the day than at night and this diel effect was
significant for the five individuals listed in Table 6.3. Two of the animals in the Burrum habitat were in
significantly shallower water during high tide than low tide and two animals were in significantly deeper
water during high tide than low tide. The interaction between tide and diel cycle had a significant effect
on the actual depths that three of the animals within the Burrum habitat were in, with water depth
increasing with increasing tide height during the day and decreasing with increasing tide height during
the night.
The interaction between tide and diel status in the GLM was significant for the actual depth experienced
by two of the dugongs in the Kauri Creek habitat and the animal in the Clairview habitat. The Kauri
Creek animals were in deeper water during high tide than intermediate and low-tide. One animal was in
deeper water at intermediate-tide during the day than during the night, the other was in deeper water at
low-tide during the day than during the night. The Clairview animal was in shallower water at
intermediate tide than during high or low tides and in deeper water during the day at low tide than
during the night at low tide (Table 6.4).
Only one effect was statistically significant in the offshore/subtidal habitats: the dugong in the Fork
Bank habitat (‘Yarrilee’) was in deeper water at high-tide than during intermediate and low-tides (F2 2 =
47.6, p = 0.02)
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Figure 6.4. Box plots showing the median (black dot), inter-quartile range (box) and 10 – 90 % range (whiskers) of A: The actual water depth the
animals were in at Burrum (bathymetry + tide height), B: Distance to the shore for the seven dugongs tracked within the Burrum inshore/intertidal
habitat C: Distance to the nearest deep water (> 3 m MLWS) of the dugongs at Burrum, and D: the minimum speed of the dugongs at Burrum. The xaxis for all plots is the hour of the day in blocks of three hours.
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ii. Effects of diel and tidal cycle on distance of dugongs to the shore and deep water
The distance of the tracked dugongs to the coast ranged from <0.01 to 18.4 km, with an average
distance of 2.7 se ± 0.8 km. The distance to the shore for the dugongs in the five inshore/intertidal
habitats and for one of the offshore/subtidal animals varied with both time of day and with the tidal
cycle (Figure 6.4.B, Figure 6.5). Dugongs in the inshore/intertidal habitats were furthest from the shore
between 6:00am and 3:00pm and closest between 3:00pm and midnight. Dugongs were closer to the
shore during high tide than during low tide. The diel and tidal circadian patterns of distance to the shore
were more pronounced in the dugongs in the Burrum habitat than in the dugongs in the other four
inshore/intertidal habitats. The distance to the shore for the offshore/subtidal dugongs showed similar
circadian patterns to those of the inshore/intertidal animals, although these were much less pronounced
relative to the overall area of the animal’s movement ranges. Diel and tidal effects on dugong distance
to the nearest subtidal refuge in the inshore/intertidal habitats were the inverse of the distance to the
shore pattern: Dugongs were closest to deep water in the morning between 6:00am and 3:00pm and
furthest during the afternoon and evening from 3:00pm to midnight. Inshore/intertidal dugongs were
also closer to deep water during low-tide than during high-tide (Figure 6.4.C).
The GLM confirmed a significant effect of tide and diel cycle on mean distance to the shore for the
overall analysis conducted on the seven dugongs resident in the Burrum inshore/intertidal habitat,
although the size of the effect varied significantly between animals (Table 6.3). The mean distance to
the shore was lower at night than during the day for six of the seven Burrum dugongs, and the day-night
difference was statistically significant for five animals. Similarly, six animals had an average position
closer to shore at high tide than low tide, and this tide effect was statistically significant for five
dugongs (Table 6.3).
The GLM also confirmed a significant effect of tide and diel cycle on the mean distance of dugongs to
the nearest subtidal refuge in the Burrum habitat, which also varied between individual animals; six of
the dugongs at Burrum were further away from subtidal refuges at night than during the day and the
day-night difference was statistically significant for five of these animals. Six dugongs within the
Burrum habitat were further away from subtidal refuges at high tide than during low tide and this tidal
effect was statistically significant for five individuals.
The GLM confirmed significant effects of tide on the distance to the shore for all three dugongs at the
Kauri Creek habitat as well as the individual dugongs in the Clairview, Turkey Island and Gladstone
inshore/intertidal habitats (Table 6.4). As at Burrum, the distance to the shore was greater at low-tide
than at intermediate and high-tide for all dugongs tracked in these habitats. Similarly, there was also a
significant effect of diel status on distance to the shore for two of the dugongs at Kauri Creek and for
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the animal in the Turkey Island habitat. These three animals were closer to the shore at night than
during the day.
There was a significant effect of tide on distance to subtidal refuge for each of the three dugongs within
the Kauri Creek habitat as well as the dugongs in the Clairview Turkey Island and Gladstone
inshore/intertidal habitats. All of these animals were closer to subtidal refuges at low-tide than during
intermediate and high-tides. There was also a significant effect of diel status on distance to deep water
refuges (>3 m MLWS) for two of the dugongs at Kauri Creek as well as the dugongs at Clairview and
Turkey Island. These four dugongs were closer to deep water refuges (>3 m MLWS) during the day
than at night (Refer Table 6.4).

Figure 6.5. An example of the proximity to the shore of the dugongs tracked at the Burrum inshore/intertidal
habitat is indicated by this aerial photograph. Each dot represents a separate GPS location fix from the satellite tag
attached to one of four dugongs. All fixes were recorded at night during high tide in July (2003 for Kalba and
Narawi; 2004 for Kurui and Yinmai). At high tide this area was < 1.5 m deep and at low tide it was completely
exposed. Note how the animals were < 300 m from the houses in the top left corner.
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iii. Effects of diel and tidal cycle on dugong movement direction:
The direction of dugong movements varied with diel and tidal cycles (Figures 6.6). The main axis of
movement for the dugongs within the Burrum habitat was in a 310o – 110o direction at an oblique angle
to the coastline. The distributions of the movement directions of the dugongs at Burrum were consistent
with the tidal-driven patterns of dugong distance to the shore. Onshore movement was more prevalent
on incoming tides and in the afternoon and evening. Offshore movement was more prevalent on
outgoing tides and from midnight through the morning until midday. Effects of tide and diel cycles on
the direction of dugong movements appeared to be of similar magnitude, because when they were in
opposition onshore and offshore movements were equally frequent.
The movement directions of the dugong within the Clairview inshore/intertidal habitat showed similar
tidal-driven patterns to the animals within the Burrum habitat, although the dugong at Clairview moved
directly at angles of 90o – 180o to the shore (Appendix, Figures A1 and A2). The direction of the
dugong movements of the three dugongs at Kauri Creek and the individual dugongs in the Gladstone
and Turkey Island inshore/intertidal habitats were more dispersed, reflecting the complex physiography
of these sites (multiple coastlines, offshore channels, islands and shoals in comparison with the
relatively simple, gently sloping Burrum and Clairview habitats). The direction of movements of the
dugong in the Fork Bank offshore/subtidal habitat showed no consistent patterns (Appendix, Figures A3
and A4). The movements of the dugong in the Point Vernon offshore/subtidal habitat showed an 180o –
360o bias, which reflected the north-south bimodally-clumped distribution of this animal’s location
fixes (Appendix, Figures A5 and A6). The movements of the dugong in the Woodgate offshore/subtidal
habitat showed a significant 310o – 45o bias directly to and from the nearest coast (Appendix, Figures
A6 and A8). The angles of its movements were not driven by the tide; rather they were angled towards
the shore during the day and away from the shore at night (the opposite of the patterns of the dugongs in
the nearby Burrum habitat).

iv. Effects of diel and tidal cycle on movement speed:
The effects of the diel and tide cycles on dugong speed (m/hr between consecutive location fixes) were
less distinct than on dugong distances to the shore, deep water refuges and experienced depths. In
general, animals appeared to move more quickly during the day, especially during the afternoon. The
dugongs tracked in both the inshore/intertidal and offshore/subtidal habitats moved faster in the
afternoon (mean = 300 m/hr) than during the morning (mean = 200 m/hr) (Figure 6.4.D).
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Figure 6.6. Circular histograms of the bearings of the movements of the dugongs in the Burrum habitat stratified
into AM incoming and outgoing tides (top row), and PM incoming and outgoing tides (bottom row). The red line
indicates the approximate angle of the Burrum coastline. The plots were split into morning and afternoon/evening
fractions because this division captures the periods when the animals are leaving the intertidal zone for the
subtidal zone at low tide and the subtidal zone for intertidal zone at high tide, making the biases in the bearings of
the movements clearer. Note the directional bias to the southeast subtidal water in the morning during an
outgoing-tide (top right) when fewer location fixes were acquired because the animals were in deeper water.
During the afternoon/evening in an incoming-tide (bottom left), the directional bias shifted northwest and onshore
into intertidal water when greater location fixes were acquired from animals in shallower water. The northwest
and southeast movements were approximately equal when the tide was incoming during am and outgoing during
pm. The northwest-southeast directional bias of dugong movements at an angle to the shore coincides with the
aspect of the bathymetric slope from deeper to shallower water and the angle of deep water channels and gutters
from the subtidal up into the intertidal zone.
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iv. Use of multiple inshore/intertidal habitats by dugongs
Animals that were resident in several inshore/intertidal habitats during the tracking period generally
shared consistent patterns across habitats with respect to distances to shore and deep water refuges.
‘Narawi’ was significantly closer to the shore at night during high tide than during the day at low tide
within both the Burrum and Turkey Island inshore/intertidal habitats. The effect of the tidal cycle on the
distance to the shore and a deep water refuge was significant for ‘Wurraman’ within the Burrum, Kauri
Creek and Gladstone habitats. ‘Wurraman’ was closer to the shore at night during high tide than during
the day at low tide within all three of these inshore/intertidal habitats. Tidal and diel cycles did not have
consistent significant effects on the water depths that dugongs were in across different habitats. For
example, the tidal and diel cycles had a significant interactive effect on the water depths where
‘Narawi’ and ‘Bulla’ were at the Burrum habitat, but not the Turkey Island or Kauri Creek habitats.

v. Telemetric sampling artefacts
GPS location fixes could only be acquired when the transmitter was at the surface. As explained in the
introduction to this chapter and in Chapters 3 and 4, location fixes are more often missed when the
dugong dives in deep water (generally further offshore) and/or is travelling rapidly at the time of the fix
than when the animal was in shallow water inshore and/or travelling slowly. Within inshore/intertidal
habitats, there was a strong diurnal cycle in fix frequency, with relatively few fixes acquired in the
morning and around midday when the animals were furthest from shore. Hence, the average depth of
water experienced by dugongs and their distances from the shore may have been significantly
underestimated, especially when fix success was low, since animals that were in shallower water were
more likely to be sampled. Consequently, my estimates of the diel patterns of dugong space use are
likely to be much more conservative than the actual situation.

6.3. Discussion

6.3.1. Summarising the spatial responses of dugongs to physical habitat attributes

Despite the bias in fix acquisition, my telemetry data showed that both tidal and diel cycles influenced
the spatial patterns of the tracked dugongs. Dugongs tended to be closer to shore at high tide than at low
tide and closer to shore at night than during the day. The distributions of the travel directions of
dugongs were consistent with the tidal-driven patterns of distance to the shore; onshore movement was
more prevalent on incoming tides and in the afternoon and evening, and offshore movement was more
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prevalent on outgoing tides and from midnight through the morning until midday. The effects of tidal
and diel cycles on dugong movements were of similar magnitude and when these cycles were in
opposition, onshore and offshore movements were equally frequent (Figure 6.6). There were small
effects of tidal and diel periodicity on the actual water depths that the dugongs within the
inshore/intertidal habitats were in. The diel pattern in the acquisition of fixes biased the diel pattern in
each animal’s distance to the shore and a deep water refuge and the water depths that that it was
located. That is, my estimates of diel pattern in any of these variables were likely to be conservative.
Within the inshore/intertidal habitats, there was a strong diurnal cycle in fix frequency, with relatively
few fixes acquired in the morning and around midday when the animals were furthest from shore. The
location fixes of animals in intertidal water within inshore/intertidal habitats were less biased than those
in subtidal waters. The animals in the offshore/deepwater habitats showed much less fix periodicity
than the animals in the inshore/intertidal habitats.

6.3.2. Explaining the spatial responses of dugongs to tidal and diel cycles

i. Commuting movements across tide and diel cycles
The movements of the tracked dugongs into shallow intertidal zones at high tide within inshore habitats
may have been related to foraging. In Chapter 5, I demonstrated that the starch content of sparse
seagrass in the intertidal zone at Burrum Heads was higher than that of dense subtidal seagrass in the
same habitat. Hence, dugongs may have been moving with the tide to forage on intertidal seagrass with
higher nutrient content. In addition, boating disturbance may have caused the dugongs to travel closer
to the shore at night than the day. The high density of recreational boats that traverse the Burrum habitat
during the day (Maitland et al. 2007) could discourage dugongs from foraging close to the shore (see
also: Hodgson 2004 and Hodgson and Marsh 2007). The dugong tracked in the Clairview habitat, an
inshore/intertidal habitat similar to Burrum but with low vessel traffic, did not show a significant diel
pattern of distance to the shore.
By moving close to the shore at night dugongs may also be avoiding predation by tiger sharks, the main
predator of dugongs in Australia (Heithaus et al. 2002, Wirsing 2005, Heithaus et al. 2006). Predation
has been shown to be a major factor limiting the access of large terrestrial grazers to food resources
(e.g., Ferguson et al. 1988, Sinclair and Arcese 1995, Kie 1999). Shallow intertidal waters < 2 m deep
may reduce the threat of predation from sharks that surprise attack from below (Frid et al. 2007).
However, tracking studies of tiger sharks in Queensland waters suggest that these predators prefer to
hunt in shallow waters (< 2 m) to reduce the opportunity for their prey to escape by changing their
position in the water column (R. Fitzpatrick, pers comm.). The role of shark predation in modifying
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dugong spatial behaviour, habitat use and populations could be elucidated by tracking both dugongs and
sharks simultaneously within a seagrass habitat (see Heithaus et al. 2002 and Wirsing 2005).
Hunting pressure may also influence dugong behaviour. Dugongs in Australia have been hunted by
Aboriginal and Torres Strait Islander peoples for thousands of years and dugong meat is still highly
prized by Indigenous communities (Marsh et al. 2004). Hunters rarely pursue dugongs in water >3 m
deep because: (1) dugong habitats are usually very turbid and the presence of dugongs is obscured in
deep water, and; (2) deep water gives dugongs a greater chance of escape from hunters. The use of deep
water refuges by dugongs within inshore/intertidal habitats may be a response to avoid hunting
pressure. Indigenous communities along the urban Queensland coast south of Cooktown (including all
the habitats investigated in this study) have generally applied a voluntary moratorium on dugong
hunting in recent years (Marsh et al. 2002). Dugongs are no longer hunted in significant numbers within
the habitats that I studied (with the exception of Clairview). However, the reduction of hunting pressure
is recent relative to a dugong’s lifespan of 70+ years (Marsh 1980).

ii. Inshore/intertidal vs. offshore/subtidal habitat use
The tradeoffs for dugongs feeding in inshore/intertidal as opposed to offshore/subtidal habitats in
Hervey Bay are complex as there are possible arguments in favour of dugongs using both habitat types
which have yet to be quantified (summarised in Table 6.5). In Chapter 5, I demonstrated that
H.uninervis had the greatest concentrations of nitrogen and starch of the four seagrass species found at
Burrum. In contrast, H. spinulosa is the seagrass which spans the greatest depth range (1 m to at least
30 m) in Hervey Bay. J. Bité, (unpublished data) recently sampled H.spinulosa from inshore/intertidal
and offshore/subtidal habitats in Hervey Bay and found that its nutrient profile did not vary by depth.
However, H. spinulosa is a low-nutrient species that is less preferred by foraging dugongs (see Chapters
5 and 8). Foraging in offshore/subtidal habitats presumably incurs higher energetic costs associated
with the need to dive to greater depths to feed on benthic flora. Total foraging time available to a
dugong in an offshore/subtidal habitat would also be reduced by the extended travelling times from the
seafloor to the surface to breathe and the longer periods spent at the surface recovering from a deep
dive. If these disadvantages are significant, then dugongs in the offshore/subtidal habitats may have
been prevented from foraging within inshore/intertidal habitats through social exclusion (see: Preen and
Marsh 1995, Hodgson 2004). One of the offshore/subtidal dugongs was a female (Gulawa), so social
exclusion could not be based solely on male agonistic behaviour towards potential reproductive rivals.
Possible benefits to foraging in an offshore/subtidal habitat include the constant availability of subtidal
seagrass resources irrespective of tidal periodicity, reduced disturbance from boat traffic and reduced
threats of predation and hunting. Dugongs in offshore/subtidal habitats do not have to spend time and
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energy commuting between subtidal and intertidal seagrass patches. If these benefits outweigh the
energetic costs incurred in foraging within offshore/subtidal habitats, then inshore/intertidal habitats
might not be as critical for dugong populations as previously thought (Anderson and Birtles 1978,
Marsh and Rathbun 1990). Following the devastating floods in 1992, the intertidal seagrass beds in
Hervey Bay were almost completely eradicated (Preen et al. 1995, Preen and Marsh 1995, McKenzie et
al. 2000, Campbell and McKenzie 2004). The dugongs that did not move out of the bay in search of
better seagrass pastures relied on the remaining offshore/subtidal pastures as food resources, and these
pastures were the first meadows to recover (Preen and Marsh 1995). Seagrass in shallow intertidal
meadows are susceptible to biomass loss through the desiccation or ‘burning’ of leaves as a result of
high temperatures (Campbell et al. 2002, Roelofs et al. 2003). The frequency of dieback events within
intertidal meadows may increase as consequence of the rising temperatures associated with global
warming. Therefore, management strategies for conserving offshore/subtidal habitats should be
reviewed and where possible enhanced.

6.3.3. Comparisons with manatees

The use of shallow intertidal habitats with deep water refuges by the tracked dugongs is similar to the
patterns of manatee habitat use (Hartman 1979). Nonetheless, there are important differences. Dugongs
made substantial use of intertidal habitats that experienced water depths less than the 1.5 m+ depths
favoured by manatees, perhaps reflecting their smaller size and girth relative to manatees (Hartman
1979, Haubold et al. 2006). When dugongs were closest to the shore during the night (< 15 m) the
dugongs tracked in the Burrum and Clairview habitats frequently experienced water depths under one
metre. These movements into shallow habitats concur with the direct observations of dugongs making
intensive use of the shallow seagrass banks in eastern Moreton Bay, Queensland by (Preen 1992,
Hodgson 2004).

Dugong activity cycles and responses to environmental cues within inshore/intertidal habitats showed
significant diel patterns, unlike Florida manatees (Hartman 1979, Best 1981). The spatial patterns of
dugongs within inshore/intertidal habitats were also more strongly modified by tidal periodicity than
those of Florida manatees, presumably reflecting the higher tidal range of the Queensland coast relative
to the Florida coast. For example, within the Clairview inshore/intertidal habitat the tidal range reached
6 m during the tracking period, compared with the average tidal range of < 1 m for Florida. Florida
manatees also make high use of freshwater estuarine and riverine habitats that have little or no tidal
range (Hartman 1979, Deutsch et al. 2003b, Olivera-Gomez and Mellink 2005, Spiegelberger and
Ganslosser 2005). Thus, by restricting access to patches of intertidal seagrass the tide has a greater
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influence on dugong foraging within inshore/intertidal habitats than it does on foraging in Florida
manatees.

6.3.4. Comparisons with terrestrial mammalian grazers

Unlike terrestrial grazers, the spatial patterns of sirenian movements and habitat use are determined by
the medium in which they move. Tidal periodicity can restrict access to intertidal food resources twice
every diel cycle. Dugong habitat use is constrained by water bathymetry in much the same way that
topography constrains the habitat use of terrestrial grazers. Because seagrass mainly grows in shallow
water (Dennison 1987, Duarte 1991, Lee Long et al. 1996) the coastal nature of their food resources
constrains dugong foraging to waters < 60 m deep. However, observations of dugongs resident around
isolated atolls hundreds of kilometres from the nearest mainland suggests that dugongs can cross deep
ocean trenches > 4 km deep (Marsh et al. 2002, Whiting et al. 2005) and genetic evidence suggests
connectivity between dugongs on either side of the Timor trench >500m deep between Indonesia to
Australia (Blair et al. in review).
I hypothesise that dugongs are not constrained in their foraging by environmental exposure (e.g., sun
and wind) to the degree of many terrestrial mammalian herbivores, such as the large grazers of the
African savannahs (Owen-Smith 2002). However, extreme exposure (e.g., high wave action) may act as
a temporary constraint against sirenians foraging in particular areas, especially during high-energy
storm or cyclonic events. For example, Anderson (1981) observed that dugongs abandoned exposed
feeding areas in high winds and wave heights, but returned hours later when conditions were more
favourable. Strong wave action may also hinder dugong forage intake rates, as Anderson (1981) noted
dugongs feeding in rough seas spend more time at the surface for breathing than in calmer conditions.
Anecdotal evidence also suggests that dugongs exposed to the sun for long periods (e.g., stranded or in
clear, shallow water) suffer damage to the skin that can lead to scarring (C. Limpus, pers comm.).
Unlike terrestrial grazers (and manatees), dugongs do not require regular access to fresh water sources,
nor are dugongs limited by their intake of essential minerals such as potassium or sodium (which are
abundant in seawater). These similarities and differences between dugongs and their terrestrial
analogues suggest that dugongs are distinct as the only fully-marine large mammalian grazer.

6.3.5. Sampling artefacts

The key obstacle to successfully tracking dugongs via telemetry is the blocking of the signal by
seawater. Transmitters can only function when the aerial is above the water surface, as explained in
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Chapter 3. Such periods are typically brief, as when the animal surfaces to breathe. Consequently,
greater numbers of GPS locations were acquired from inshore/intertidal dugongs that were foraging in
the intertidal zone than from animals in the subtidal zone. This telemetric artefact provided an
indication of when the animals were moving across shallow intertidal waters.
More locations were received at night when the animals were generally closest to the shore and in
shallow water and fewer locations were received during the day when animals were in deeper subtidal
waters. In contrast, the tidal and diel cycles only slightly influenced the spatial behaviours of
offshore/subtidal dugongs. The lack of diel periodicity in these animals may result from a requirement
for these animals to spend longer periods (sometimes > 1 hour) on the surface pausing between dives
(Chilvers et al. 2004). Hence, the distribution of locations received throughout a 24-hour period from
individuals in the subtidal habitats did not show the diel patterns observed in the animals within the
intertidal habitats.
The new Fastloc™ GPS technology has potential for reducing the sampling bias for animals in deep
water or undertaking large-scale moves. This technology can acquire a fix in < 0.5 second by excluding
the almanac data which is added after data download in a post-processing phase
(http://www.wildtracker.com/fastloc.htm). Hence, a greater number of location fixes should be acquired
from a dugong in deep water or making a large-scale movement with the Fastloc™ system than with
conventional GPS units. A greater number of fixes acquired across a 24-hour period would reduce the
diel sampling bias that I observed and make estimates of dugong space-use in the subtidal zone less
conservative.

6.3.6. Conclusion

The spatial patterns of dugongs along the coast of Queensland are modified by the physical variables
specific to their habitats, especially within inshore/intertidal habitats where the effects of the tide are
strongest. Dugongs are active throughout the diel cycle, and animals within inshore/intertidal habitats
make use of deep water refuges and move closer to the shore at night than the day. These physical
habitat correlates of dugong behaviours can be used to predict the spatial patterns of dugongs within
areas of conservation management significance and to assess the effects of anthropogenic disturbance.
For example, the offshore movements of dugongs within the Burrum habitat during the morning and
early afternoon may be related to the high boat traffic that frequently occurs in this area at these times.
Consequently, inshore/intertidal habitats with ready access to deep water refuges (such as Burrum and
Kauri Creek) may enable dugongs to use areas that have high boat traffic without being disturbed from
quality seagrass patches. Boat traffic within inshore/intertidal dugong habitats that do not have access to
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deep water refuges (e.g., Clairview) may require more intensive management, e.g. the implementation
of go-slow zones.
Coastal developments, inshore fisheries and aquaculture activities that can potentially impact on
dugongs and their seagrass habitats should take into account the proximity of dugongs to the shore at
night, when the animals may have previously been undetected. Dugongs are also incidentally caught
and drowned in commercial fishing nets (e.g. gill nets and shark nets) (Marsh 2000, Marsh et al. 2000).
Dugong sanctuaries from netting (e.g. Dugong Protection Areas) are only effective at sustaining dugong
populations if the quality of the seagrass habitat that the dugongs depend on is maintained.
Offshore/subtidal habitats represent an important seagrass reserve for dugongs in the event of largescale dieback or burning events. Accordingly, offshore/subtidal habitats should receive enhanced
protection by management strategies designed to conserve dugong seagrass resources.

6.3.7. Chapter summary

•

Diel and tidal patterns in dugong movements were investigated by GPS-tracking twelve
dugongs in five inshore/intertidal and three offshore/subtidal habitats along the coast of
Queensland, Australia. I used a stratified general linear model (GLM) to examine the effects of
tide height and time of day on: dugong distance from: (1) the nearest coast and (2) water > 3 m
(MLWS); (3) the actual water depth that dugongs experienced, and; (4) the distribution of the
directions of dugong movements.

•

Both tidal and diel cycles influenced dugong movement. Tracked dugongs tended to be closer
to shore at high tide than at low tide and closer to shore at night than during the day. The
distributions of the travel directions of dugongs were consistent with tidal-driven patterns of
distance to the shore; onshore movement was more prevalent on incoming tides and in the
afternoon and evening, and offshore movement was more prevalent on outgoing tides and from
midnight through the morning until midday.

•

Effects of tide and diel cycles on dugong movements were of similar magnitude and when these
cycles were in opposition onshore and offshore movements were equally frequent. Tidal and
diel variation in the water depths that the inshore/intertidal dugongs were in appeared small, but
greater diel depth variation probably existed, hidden by diel variation in sampling bias.

•

My estimates of diel variation in distances to shore and to deep water are conservative. Because
GPS fix acquisition was possible only when the transmitter was at the surface, fixes were more
often missed when the dugong was diving in deeper water and/or travelling rapidly than when
the dugong was moving slowly while foraging within inshore/intertidal habitats.

133

CHAPTER 6: Physical habitat correlates of the behaviour of a marine mammal grazer

•

Within inshore/intertidal habitats, there was a strong diurnal cycle in fix frequency, with
relatively few fixes acquired in the morning and around midday when the animals were furthest
from shore. The average depth of water experienced by dugongs, and their distance from shore,
may have been significantly underestimated during these periods, since animals that were in
shallower water were most likely to be sampled.

•

Onshore movement at high tide allows dugongs to make use of intertidal seagrass beds. The
reasons for dugongs being closer to shore in the afternoons and evenings than in the mornings
are less clear and may be related to the avoidance of predators and/or vessels.
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Table 6.1. Attributes of the twelve satellite-tracked dugongs that expressed high site fidelity to the eight habitats in Table 6.2 and were used in the fine-scale
analysis of location. Two animals (‘Bulla’ and ‘Wurraman’) were resident at the Burrum habitat at the start of the tracking period and then made meso-scale
LSMs (15 – 100 km) to become resident at the Kauri Creek habitat. ‘Wurraman’ also made a macro-scale LSM (>100 km) to become resident at the
Gladstone habitat. ‘Narawi’ made meso-scale LSMs to become resident at both the Burrum and Turkey island habitats. The data for the animals resident in
the offshore/subtidal habitats are italicised (bottom three rows).
Animal ID
Kalba
Narawi

4

Core habitat

Sex

Length
(m)

Date
deployed

Total hours
1
tracked in habitat

Total # location
fixes in habitat

Mean # fixes/24hr
2
(±se) in habitat

Ratio Day to
Night fixes

Size 95% kernel
2
(km ) in habitat

Distance arithmetic mean
3
point to coast (km)

Min-Max distance
4
to coast (km)

Burrum Heads

M

2.7

03-Jul-03

968

868

23.6 (2.1)

0.36

12.4

1.1

<0.01 – 4.0

Burrum Heads

M

2.2

05-Jul-03

623

1012

31.3 (2.2)

0.78

10.0

1.7

<0.01 – 4.0

Bunda

Burrum Heads

M

3

12-Jul-04

976

838

30.6 (2.7)

0.50

5.5

1.4

0.06 – 3.5

Yinmai

Burrum Heads

F

2.5

12-Jul-04

525

477

22.0 (2.6)

0.32

7.0

1.8

<0.01 – 4.0

4

Burrum Heads

M

2.9

13-Jul-04

254

609

40.6 (4.8)

0.69

0.6

0.4

<0.01 – 4.0

Wurraman

Burrum Heads

M

2.9

13-Jul-04

378

489

24.5 (2.4)

0.65

3.7

1.7

0.09 – 3.6

Kurui

Burrum Heads

M

2.8

14-Jul-04

750

823

39.1 (2.7)

0.58

1.2

1.9

<0.01 – 4.0

Turkey Island

M

2.2

05-Jul-03

372

778

45.5 (3.9)

0.87

3.3

0.8

<0.01 – 1.2

Kauri Creek

M

2.9

13-Jul-04

290

711

39.4 (3.1)

0.51

11.1

1.4

0.06 – 2.2

Kauri Creek

M

2.9

13-Jul-04

661

988

36.6 (2.5)

0.50

10.9

1.2

<0.01 – 2.1

Kauri Creek

F

2.9

04-Jul-03

921

1133

29.1 (1.8)

0.34

5.6

1.6

0.39 – 2.6

Clairview

M

1.9

04-Jul-03

1232

874

18.4 (1.7)

0.49

9.0

1.5

0.20 – 6.4

Gladstone

M

2.9

13-Jul-04

231

339

33.8 (4.1)

0.87

14.3

0.7

<0.01 – 2.4

Gulawa

Point Vernon

F

2.8

04-Jul-03

970

657

22.0 (2.3)

0.80

42.8

10.0

0.15 – 18.4

Yarrilee

Woodgate

M

2.5

13-Jul-04

882

1238

37.4 (2.4)

1.10

12.6

6.4

3.0 – 10.4

Yuangan

Fork Bank

M

2.2

13-Jul-04

694

878

29.1 (2.0)

0.83

7.7

9.1

6.3 – 13.1

Bulla

5

Narawi

4

4

Bulla

Wurraman

4

Gandhau
Wunai
Wurraman

4

1
Dugongs frequently moved in and out of core habitats. Therefore, the total hours that an animal spent within a habitat was calculated by summing the blocks of time that the
animal spent in each habitat. The area/boundary of each habitat was defined by the kernel home ranges of the resident dugongs (see Table 6.2).
2
Because dugongs moved in and out of habitats mean fixes/hour were calculated using the 24-hour periods (midnight to midnight) that had at least five location fixes.
3
The arithmetic mean point is the geographic centre of all of the location fixes averaged for each animal.
4
± at least 10 m telemetry error.
5
Resident at more than one core habitat during the tracking period.
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Table 6.2. Attributes of eight habitats and two habitat types used intensively by the 12 tracked dugongs (Table 1) that were used in the fine-scale modelling of
dugong location. The data for the offshore/subtidal habitats are italicised.

Habitat ID

# dugongs
1
resident

Habitat type

Lat/Long

Habitat
2 2
area (km )

Intertidal
2
area (km )

Depth range
3
m (MLWS)

Tide range during
tracking (m)

Mean experienced
4
tide (m ± se)

Description

Burrum Heads

7

Inshore/intertidal

25º.11′S, 152º.36′E

23.4

6.9

0–6

0.3 – 3.4

1.6 (0.01)

Extensive intertidal flats bordered by
a large estuary to the north and a
gentle drop-off into deep water (6 – 7
m) in the south.

Kauri Creek

3

Inshore/intertidal

25°.80’S, 153°.00’E

14

8.0

0 – 15

0.3 – 3.4

1.9 (0.01)

Gently sloping intertidal region
bordered by a steep drop-off into the
adjacent Sandy Strait channel (14 –
18 m deep).

Turkey Island

1

Inshore/intertidal

25°.47’S, 152°.93’E

3.3

1.6

0-8

0.5 – 2.9

1.6 (0.02)

Deep channels (>3m MLWS)
intersecting numerous small shoals
and islands surrounded by
mangroves.

Clairview

1

Inshore/intertidal

22°.10’S, 149°.54’E

9.0

6.7

0 – 13

0.7 – 6.0

2.7 (0.03)

Extensive, gently sloping intertidal
flats and a large tidal range.

Gladstone

1

Inshore/intertidal

23°.80’S, 151°.30’E

14.3

9.1

0 - 17

0.3 – 4.4

2.1 (0.04)

Major industrial port with high
shipping traffic. Deep channels,
extensive intertidal banks and
numerous small shoals and islands.

Point Vernon

1

Offshore/subtidal

25°.20’S, 152°.76’E

42.8

0

3-8

0.4 – 3.2

1.9 (0.02)

Subtidal and constantly covered in
deep water. 4.9 km from nearest
shore.

Woodgate

1

Offshore/subtidal

25°.10’S, 152°.65’E

12.6

0

3-7

0.3 – 3.4

1.7 (0.02)

Subtidal and constantly covered in
deep water. 4 km from nearest shore.

Fork Bank

1

Offshore/subtidal

25°.13’S, 152°.97’E

7.7

0

2-7

0.5 – 3.3

1.8 (0.02)

Subtidal and constantly covered in
deep water. 7 km from nearest shore.

1

Resident during the tracking period.
Defined by the overlaid 95% kernel boundaries of the dugongs resident in the habitat.
3
MLWS = Mean Low Water Springs
4
Mean tide experienced by the dugongs in each habitat during the tracking period, calculated by adding the height of the tide to the bathymetric depth.
2
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Table 6.3. Summary of significant tide, diel and animal effects on the spatial patterns of combined and individual dugongs resident in the Burrum
inshore/intertidal habitat during the tracking period as revealed by the GLM. *Animal indicates a significant interaction with animal.

Diel status
Significant effects

Variable
Actual depth (bathymetry + tide)

Distance to the nearest shore

Distance to nearest deep water

MAIN EFFECT (F1 2 = 10.3, p = 0.02)

•
•
•
•
•

Bulla (F1 47 = 44.9, p = <0.001)
Kurui (F1 75 = 5.9, p = 0.02)
Narawi (F1 106 = 99.2, p = <0.001)
Wurraman (F1 52 = 10.2, p = 0.002)
Yinmai (F2 41 = 11.5, p = 0.002)

MAIN EFFECT (*Animal: F6 12 = 3.1, p = 0.046)

•
•
•
•
•

Bulla (F1 47 = 25.3, p = <0.001)
Bunda (F1 83 = 9.2, p = 0.003)
Kurui (F1 75 = 5.1, p = 0.03)
Narawi (F1 106 = 21.0, p = <0.001)
Yinmai (F1 41 = 7.8, p = 0.008)

MAIN EFFECT (*Animal: F6 12 = 6.9, p = 0.003)

•
•
•
•
•

Bunda (F1 83 = 13.5, p = 0.001)
Kurui (F1 75 = 11.3, p = 0.001)
Narawi (F1 106 = 46.5, p = <0.001)
Wurraman (F1 52 = 5.7, p = 0.02)
Yinmai (F1 41 = 8.9, p = 0.005)

Tide status
Nature of effect

Significant effects

5/7 dugongs in
deeper water during
the day than at night

MAIN EFFECT (*Animal: F12 12 = 4.0, p = 0.01)

5/7 dugongs closer
to shore during the
night than during the
day

MAIN EFFECT (F2 13 = 15.1, p = < 0.001)

5/7 dugongs closer
to deepwater during
the day than at night

MAIN EFFECT (*Animal: F12 12 = 5.6, p = 0.003)

•
•
•
•

•
•
•
•
•

•
•
•
•
•

Bulla (F1 47 = 9.5, p = <0.001)
Bunda (F2 83 = 6.9, p = 0.002)
Kalba (F2 78 = 9.3, p = <0.001)
Kurui (F2 75 = 14.2, p = <0.001)

Bunda (F2 83 = 19.3, p = <0.001)
Kalba (F2 78 = 28.5, p = <0.001)
Kurui (F2 75 = 16.2, p = <0.001)
Narawi (F2 106 = 19.5, p = <0.001)
Wurraman (F2 52 = 12.5, p = <0.001)

Bunda (F2 83 = 15.1, p = <0.001)
Kalba (F2 78 = 7.2, p = 0.001)
Kurui (F2 75 = 17.4, p = <0.001)
Narawi (F1 106 = 40.8, p = <0.001)
Wurraman (F2 52 = 50.4, p = <0.001)

Diel status* Tide status
Nature of effect
Significant for 4/7
dugongs, but highly
individualistic

Significant effects
MAIN EFFECT (*Animal: F12 482 = 2.0, p = 0.02)

• Bulla (F2 = 7.4, p = 0.002)
• Kurui (F2 = 3.1, p = 0.049)
• Narawi (F2 = 9.3, p = <0.001)

5/7 dugongs closer
to shore during high
tide than low tide

• Narawi (F2 = 3.1, p = 0.047)

5/7 dugongs closer
to deepwater at low
tide than at high tide

• Kurui (F2 = 3.2, p = 0.046)
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Table 6.4. Summary of significant tide, diel and animal effects on the location variables for individual dugongs in the Kauri Creek, Clairview, Turkey Island
and Gladstone inshore/intertidal habitats.

Diel status
Experienced depth

Kauri Ck

Bulla (F2 61 = 31.6, p = <0.001)

Shallow water at low tide

Gandhau (F2 = 3.4, p = 0.04)

Kauri Ck

Wurraman (F2 90 = 12.2, p = <0.001)

Shallow water at low tide

Wurraman (F2 90 = 6.1, p = 0.003)

Deeper water during the day

Wunai (F2 74 = 7.0, p = 0.002)

Shallow at intermediate tide

Wunai (F2 = 5.3, p = 0.007)

Distance to shore

Wunai (F1 74 = 4.1, p = 0.05)

Nature of effect

Nature of effect

Kauri Ck

Wurraman (F1 90 = 5.7, p = 0.02)

Closer to shore at night

Gandhau (F2 99 = 9.4, p = <0.001)

Closer to shore at high tide

Kauri Ck

Bulla (F2 61 = 5.1, p = 0.03)

Closer to shore at night

Bulla (F2 61 = 42.1, p = <0.001)

Closer to shore at high tide

Kauri Ck

Wurraman (F2 90 = 24.8, p = <0.001)

Closer to shore at high tide

Clairview

Wunai (F2 74 = 74.0, p = <0.001)

Closer to shore at high tide

Turkey Is.

Narawi (F1 88 = 14.0, p = <0.001)

Closer to shore at night

Gladstone

Distance to deep water

Significant effect

Diel status*Tide status

Habitat

Clairview

Significant effect

Tide status

Variable

Narawi (F2 88 = 90.8, p = <0.001)

Closer to shore at high tide

Wurraman (F2 38 = 3.5, p = 0.04)

Closer to shore at high tide

Closer to deep water at low tide

Kauri Ck

Bulla (F1 61 = 4.7, p = 0.04)

Closer to deep water during the day

Bulla (F2 61 = 10.7, p = <0.001)

Kauri Ck

Wurraman (F1 90 = 16.4, p = <0.001)

Closer to deep water during the day

Gandhau (F2 99 = 9.5, p = <0.001)

Closer to deep water at low tide

Wurraman (F2 = 10.6, p = <0.001)

Closer to deep water at low tide

Kauri Ck
Turkey Is.

Narawi (F1 88 20.0, p = <0.001)

Closer to deep water during the day

Narawi (F2 88 = 70.5, p = <0.001)

Closer to deep water at low tide

Clairview

Wunai (F1 74 = 5.6, p = 0.02)

Closer to deep water during the day

Wunai (F2 74 = 136.5, p = <0.001)

Closer to deep water at low tide

Wurraman (F2 38 = 8.6, p = <0.001)

Closer to deep water at low tide

Gladstone

Significant effect
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Table 6.5. Summary of the potential costs and benefits of intertidal and subtidal foraging by dugongs.

HABITAT

COST

BENEFIT

Access restricted by tidal periodicity

Possible lower energetic costs associated with shorter dive distances

Increased disturbance by boat traffic and greater chance of injury from
boat strike

More time available to forage on the seafloor because of short dive
distances

INSHORE/INTERTIDAL

Increased risk from hunting

OFFSHORE/SUBTIDAL

Intertidal seagrass susceptible to die back events associated with
‘burning’ and elevated water temperatures

Sparse seagrass in the intertidal zone may have elevated starch
concentrations compared with subtidal seagrass (see Chapter 7)

Possibly higher energetic cost associated with increased diving
distances to the benthos

Access not restricted by tidal periodicity

Less time available for foraging on the seafloor and greater time
required on the surface recovering from deep dives

Reduced disturbance by boat traffic
Reduced threat of hunting

Deep offshore habitats comprise mostly high density ares of H.
spinulosa, a species of seagrass with low nutrients (see Chapter 5)

Deep water seagrass less susceptible to die back events associated with
‘burning’ and elevated water temperatures
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CHAPTER 7.
Food Resource Selection by a Large Marine Mammal Grazer: The
Influence of Diel and Tidal Cycles on Dugong Foraging

In this chapter I investigate how the tide and diel cycles influence dugong seagrass food resource selection.
I matched dugong telemetry data with the seagrass habitat data generated in Chapter Five to calculate
resource utilisation functions (RUF) for each animal, stratified across diel and tide cycles. The resulting
averaged regression coefficients from the RUF model provided conservative, estimates of dugong
association with food resources at local-scales. My RUF models indicated that dugong space-use was
consistently centred over seagrass patches with high nitrogen concentrations, except during the day at low
tides when their space-use was centred over high seagrass biomass and away from seagrass with high
starch concentration. Dugong association with seagrass high in starch was positive during both day and
night high tides when dugongs could access intertidal areas where the seagrass biomass was generally low.
Patterns of association with seagrass species were less definite.
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7.0. Introduction
Understanding the associations between a mammalian grazer and its food resources is
particularly important for the conservation of threatened species because the nutritive value of
a grazer’s food is a primary determinant of the quality and carrying capacity of a grassland
habitat (as explained in Chapters 2 and 5). The relative value of the various food resources in
the habitats of large, mammalian grazers can be assessed via analysis of the selection of food
resources by individual animals (e.g., Edwards et al. 1994, Wallis de Vries 1996, Nilsen et al.
2004, Chapter 5). An animal’s space use relative to the availability of its food resources is
frequently used to infer food selection which, once accurately quantified, can be incorporated
into models for mapping, predicting and managing suitable habitat (Manly et al. 1993,
Garshelis 2000, Boyce et al. 2002, Morris 2003, Alldredge and Griswold 2006, Johnson et al.
2006, Thomas and Taylor 2006).
Much more than carnivores, herbivores are faced with food that varies in quality (Kie 1999)
and the effects of food quality on nutritional status can outweigh those of food quantity
(Owen-Smith 1982, Owen-Smith and Novellie 1982). Mammalian grazers generally select
their food and foraging habitats to maximize their rate of intake of nutrients and/or energy.
Consequentially, they feed preferentially on nutrient and /or energy-rich plants and plant parts
(see Chapter 2). Food selectivity for herbivores has usually been modelled as a response to
either the abundance or the nutrient quality of forage (Langvatn and Hanley 1993, Weckerly
1994). Herbivores must balance their intake of various nutrients and nutrient content typically
dictates forage selectivity (e.g., Hobbs 1990, BenShahar and Coe 1992, Van Wieren 1996).
Large, terrestrial, mammalian grazers forage in spatiotemporally complex habitats
characterised by patchy distributions of food resources (see reviews by: Senft et al. 1987,
Coughenour 1991, Bailey et al. 1996, Wallis de Vries et al. 1999, Searle et al. 2005).
Although seagrasses are not true grasses their growth form is analogous with plants spreading
vegetatively across the substrate via rhizomatous growth. Like communities of terrestrial
grasses, seagrass communities exhibit high spatial heterogeneity (patchiness) at a range of
scales, as both continuous and fragmented landscapes of varying nutritional quality
interspersed with non-vegetated substrate e.g., Bell et al. (1999), Robbins and Bell (2000),
Frederiksen et al. (2004), Chapter 5. Like large terrestrial mammalian grazers, dugongs
appear to prefer some food patches and avoid others (Anderson 1982a, Preen 1995b,
Anderson 1998). It is likely that dugongs have adapted their foraging strategies to cope with
the spatial variability in their herbage, much like their terrestrial counterparts faced with
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similar foraging challenges, e.g., African migratory ungulates (McNaughton 1979, Seagle and
McNaughton 1992, Wilmshurst et al. 1999).
As explained in Chapter 5, the basis for food selection by dugongs is poorly understood and it
is uncertain whether the energy or nitrogen content of their seagrass food is the more
important nutritional currency. Researchers generally agree that dugongs prefer seagrass
plants which are higher in nitrogen (protein) and soluble carbohydrates (starch) and lower in
fibre (Lanyon 1991, Preen 1993, de Iongh et al. 1995, Yamamuro and Chirapart 2005).
Previous studies also suggest that dugongs may ‘farm’ seagrass that is high in nitrogen (Preen
1995b, Aragones et al. 2006), low in fibre and easy to masticate (Lanyon and Sanson 2006a).
The role of herbage biomass in dugong food selection is also poorly understood; although in
many (but not all) areas dugongs eat low biomass seagrass species, a practice which enables
them to access the entire plant, including the roots and rhizomes (Heinsohn and Birch 1972,
Marsh et al. 1982, de Iongh et al. 1995, Preen 1995b, André and Lawler 2003, but see
Anderson 1998). The shoots and leaves of seagrass tend to have higher % nitrogen than the
roots and rhizomes which tend to have higher % starch (Aragones et al. 2006, Chapter 5).
The role of the physical environment, including climatic exposure and topography, in
influencing the foraging behaviour of terrestrial mammalian herbivores has been well
documented (e.g., Coughenour 1991 and Kie et al. 2005). Dugong foraging is also constrained
by their physical environment, as explained in Chapter 6. Bathymetry (the marine analogue of
topography) limits dugong grazing to coastal areas because seagrass growth is restricted by
the low light intensities of deep waters (Lee Long et al. 1996). The maximum depth at which
seagrass has been recorded in eastern Australia is 58 m in offshore areas where water quality
is high; the maximum depths in more turbid inshore waters is typically much less (Carruthers
et al. 2000, Coles et al. 2000). Dugong feeding trails have been recorded to 33 m (Lee Long
et al. 1996).
As Chapter 6 demonstrates, at a local scale, dugong foraging is strongly influenced by tidal
movements, which restrict access to shallow, intertidal seagrass meadows at low tide
(Anderson and Birtles 1978, Anderson 1981). These intertidal meadows can be extensive,
especially in areas with a high tidal range such as Shoalwater Bay in central Queensland, an
area of high dugong and seagrass conservation significance (Marsh 2000), where the tidal
amplitude is 8 m. The influence of ambient light intensity in dugong foraging behaviour has
not been studied and an analysis of dugong dive activity by Chilvers et al. (2004) suggests
that dugongs also forage during the night. As explained in Chapter 6, dugongs continue to
move throughout the diel cycle and move closer to the shore at night than during the day.
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The ecological basis for the conservation management of dugongs requires detailed
understanding of dugong grazing processes and the interactions between dugongs and their
seagrass food habitat. Recent advances in satellite telemetry, geographic information systems
(GIS) and spatial modelling have enabled the selection of multiple habitat variables
(resources) by animals to be analysed in a high-resolution, spatially explicit manner (Manly et
al. 1993, Alldredge et al. 1998, Erickson et al. 2001, Alldredge and Griswold 2006, Johnson
et al. 2006). I used GPS satellite tags, a Geographic Information System (GIS) and an
established spatial resource selection function (RSF) model to quantify fine-scale of food
resources by dugongs in an intensively used seagrass habitat in winter.
To measure dugong resource selection, I compared the space-use of satellite-tracked
individuals with the distributions of: (1) total seagrass biomass (quantity) and seagrass starch
and nitrogen concentration (quality), and (2) the four seagrass species present. I stratified my
measurements of food resource selection within categories of tidal height and the diel cycle to
enable me to investigate the effects of these parameters on dugong foraging. I aimed to
answer the following questions: (1) Given that dugong movement patterns are highly
individualistic (Chapters 4 and 6), do dugongs also display patterns of resource selection
which are robust across individuals? (2) Is dugong resource selection driven by spatial
variation in seagrass biomass and/or the distribution of nutrient and/or seagrass species? (3)
How is dugong resource selection within a habitat influenced by the tidal and diel cycles?

7.2. Methods
7.2.1. Study site

I studied the fine-scale habitat selection of dugongs tracked in Burrum Heads, Hervey Bay
(see Chapter 3). The physiography and biogeography of the site and the species composition,
nutrient profile and patch structure of the seagrass beds are described in Chapter 5. The
dugongs were tracked between early July and late September when wind speeds were lowest,
facilitating ease of dugong capture. Seagrass biomass and nutrient content along the
Queensland coast varies seasonally with reduced growth occurring in these winter months
(Mellors 2003, Aragones et al. 2006).

7.2.2. Satellite tracking dugongs
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All dugongs were captured using the method described in Chapter 3. Aebischer et al. (1993)
recommend sample sizes >10 tracked animals for analysis of habitat selection; Alldredge and
Ratti (1986) > 20. The time, expense and difficulty involved in tracking dugongs inevitably
results in relatively small sample sizes. The seven animals I tracked in winter were
haphazardly selected from a herd of about 30 animals that were using the Burrum habitat at
the times of catching and are a significant sample of that sub-population. I sampled the
positions of these animals at high temporal and spatial resolution (mean total number of
location fixes = 1377 ± 277 se, each fix correct to 10 m) for an average of 48 ± 6 se days. The
consequences for the study of the relatively small number of dugongs sampled are considered
in Table 7.1.

7.2.3. Defining dugong home ranges and available food resources

The home ranges of the seven dugongs were generated using a kernel estimator to determine
the spatial extent of their fine-scale habitat use at Burrum Heads (explained in Chapter 5) and
to define the boundaries of resources available for individual animals at the study site (i.e., the
third-order of resource selection described by (Johnson 1980, McClean et al. 1998, Kernohan
et al. 2001). Fixed kernel estimators with a least-squares cross validation (LSCV) smoothing
function were used to measure dugong home range because these estimators are generally
considered among the more reliable methods of estimating home range (van Winkle 1975,
Worton 1989, Seaman et al. 1999, Kernohan et al. 2001, Chapters 4 and 5, although see also
Hemson et al. 2005). Coverages were calculated using the AMAE Extension of Arc View
(Hooge and Eichenlaub, 1997). The outer 95 % boundaries of the kernel home ranges of the
dugongs were overlaid to create a single polygon. This combined kernel boundary mirrored
the extent of the Burrum seagrass habitat (see Chapter 5) and enabled me to quantify the
available seagrass resources for the dugongs based on the space-use of the tracked animals
(similar to: Miller et al. 2000).
As explained in Chapter 5, the spatial distribution of biomass for each of the four seagrass
species found in the Burrum habitat was interpolated via kriging. Seagrass biomasses were
combined to provide an estimate of total dry-weight biomass (g/m2). Coverages of nitrogen
and starch concentration obtained using near-infrared spectroscopy (NIRS: see also André
and Lawler (2003), Aragones et al. (2006), Chapter 5) were also interpolated into a 100 m2
resolution map of dugong habitat quality over which dugong space-use was compared
(Figures 7.1, 7.2, 7.3).
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Because nitrogen (protein) and starch (energy) are the two most limiting nutrients for large
mammalian grazers (Mattson 1980, Bailey et al. 1996, Wallis de Vries 1996, Chapter 5), I
measured dugong habitat selectivity based on the spatial distributions of: (1) seagrass biomass
(with which the biomass of both nitrogen and starch is highly correlated because the variation
in biomass swamps the variation in nutrient concentrations; see Chapter 5), and (2) the
concentrations of nitrogen and starch, and (3) species composition (to investigate if the
dugongs were selecting for particular seagrass species).

7.2.4. Dugong space-use as an indicator of resource selection – the RUF technique

I used the Resource Utilisation Functions (RUF) technique of Marzluff et al. (2004) and
Millspaugh et al. (2006) to compare each animal’s space use with the maps of available
resources from Chapter 5. The RUF technique was chosen to analyse dugong resource use
because it: (1) correctly treats the individual animal as the primary sampling unit (Aebischer
et al. 1993, Alldredge et al. 1998, Erickson et al. 2001); (2) uses the entire distribution of
animal movements rather than using individual sampling points, which avoids the need to
place locations in specific habitat patches, and (3) uses the utilisation distribution (UD)
summary of space-use as continuous probabilistic metric, thus reducing the effects of
telemetry error and autocorrelation (Marzluff et al. 2004, Millspaugh et al. 2006, Hepinstall et
al. in press). My application of the RUF technique was a Type III study design for resource
selection (Manly et al. 1993, Boyce et al. 2002, Thomas and Taylor 2006), wherein both the
availability and use of resources were measured concurrently for each individual animal.
The RUF technique compares the probabilistic measure of individual space-use in a UD to
resource variables. The UD is a density function that depicts the probability of an animal
occurring at each location within its home range as a function of relocation points (van
Winkle 1975, Worton 1989, Seaman et al. 1999, Kernohan et al. 2001, Marzluff et al. 2004).
The height of the UD indicates the relative probability of use within the home range
(Silverman 1986, Kernohan et al. 2001). The RUF relates resources (the independent
variables) to the height of the UD (the dependent variable) using multiple regression
(Hepinstall et al. in press) (Figure 7.4.).
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A.

B.

C.

Figure 7.1. Kriging interpolated landscapes of A: Total combined dry-weight seagrass biomass in grams per square metre; B: mean starch concentration % dry-weight and;
C: mean nitrogen concentration % dry-weight within the Burrum dugong habitat. Starch and nitrogen are the nutrients considered most limiting in dugong populations. The
resolution of each nutrient landscape metric is 100 m2. The black outer boundary of the nutrient landscapes demarcate available habitat resources to the dugongs used in the
RUF procedure. The white double lines within the habitat indicate the boundary of the intertidal zone at mean low water springs and the approximate area of the intermediate
and high tide zones (INT = intermediate tide, HT = high tide).
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Figure 7.2. Kriging interpolated landscapes of the four seagrass species present in the Burrum habitat (see
Chapter 5). Seagrass density is measured in dry-weight biomass (g/m2). The black outer boundary of the
nutrient landscapes demarcate available habitat resources to the dugongs used in the RUF procedure. The
white double lines within the habitat indicate the boundary of the intertidal zone at mean low water springs and
the approximate area of the intermediate and high tide zones (INT = intermediate tide, HT = high tide).
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Dugongs in core habitats move at average speeds of 0.4 ± 0.004 km/h (Chapter 4). Hence, a
location fix duty cycle of 20-minutes was assumed necessary to capture the fine-scale
movement behaviour of dugongs. However, this intensive sampling caused the dugong
telemetry dataset to be autocorrelated (see Chapter 6). A primary reason for selection of the
RUF technique was its ability to minimise autocorrelation effects via the UD probabilistic
measure of individual space-use. However, using the UD as a response variable requires
sampling individual cells within the UD grid, which introduces spatial autocorrelation into the
data (Hepinstall et al. in press). The RUF technique accounts for this spatial autocorrelation
using the Matern correlation function. The Matern correlation is a function of the Euclidean
distance between two locations (Handcock and Stein 1993) with range determined by the
bandwidth used in each individual animal’s kernel density estimate.

Figure 7.3. A: View from the edge of the low-tide mark looking west toward the shore. Note the
extensive patches of dense H. uninervis that would be unavailable to a foraging dugong at this time. B:
A dense patch of Z. capricorni that was avoided by the seven tracked dugongs and had no evidence of
feeding trails. C: A sparse patch of intertidal H. uninervis with the roots and rhizomes exposed by a
feeding trail. D shows the location of figures A, B and C relative to the densest patches of seagrass
biomass and starch and nitrogen concentrations. The white dashed line indicates the boundaries of the
low and intermediate tide zones.
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7.2.5. Relating dugong UDs to seagrass nutrient resources across tide and diel cycles

I analysed the resource use of each dugong with two separate regression equations relating
dugong space-use as measured by the height of the UD for each cell to independent measures
of habitat quantity and quality for that cell: (1) total seagrass biomass and two measures of
nutritional quality (starch and nitrogen concentration); (2) the biomass of each of the four
seagrass species at that cell (Figure 7.1, 7.2). I developed these regressions for six time/tide
combinations for the following biological and operational reasons. (1) The semidiurnal tidal
periodicity at Burrum Heads constrains dugong foraging on the intertidal seagrass meadows.
(2) Because of the design of the satellite tag assembly, the tag was more often at the surface in
shallow water than deep water and was thus able to transmit its location more frequently in
shallow water. Consequently, more locations are acquired from a dugong foraging over a
shallow intertidal area than across a deep subtidal meadow (see Chapter 6, Figure 6.3). (3) I
hypothesised that the dugongs may forage differently during daylight hours than at night
because of the anecdotal information suggesting diurnal differences in the risk of human
disturbance and/or predation (e.g., Heithaus et al. 2002, Hodgson and Marsh 2007, Maitland
et al. 2007, see also Chapter 6).
The location data for each dugong were divided into six time/tide combinations, three tidal
levels crossed with two diel periods. Tides: (1) low-tide (< 1.3 m MLWS1), (2) intermediatetide (> 1.3 and < 1.9 m MLWS) and (3) high-tide (> 1.9 m MLWS) based on the range of tide
heights occurring at the Burrum habitat during the tracking period and the frequency of tide
heights experienced by each dugong (mean experienced tide height = 1.6 ± 0.01 se, min = 0.3
m, max = 3.6 m). Diel periods: (1) day and (2) night treatments based on the sunrise and
sunset times within each animal’s location dataset.
I constructed UDs for each dugong for each time/tide combination using at least 50 location
fixes. This minimum sample size was based on previous simulation studies that suggest that,
at minimum, 30 (preferably > 50) points are required for kernel methods to define an animal’s
home range accurately (Kernohan et al. 2001). Following, Marzluff et al. (2004) I tested for a
positive correlation between the number of location fixes and the size of the animal’s
minimum convex polygon (MCP) home range; the estimator known to be most sensitive to
sample size (Manly et al. 1993). Home range areas generated using > 50 fixes were not
correlated with location sample size (intertidal location fixes: r2 = 0.18, p = 0.30; subtidal
location fixes: r2 = 0.16, p = 0.22). Thus, I considered a dugong to be ‘adequately sampled’ if
1

MLWS = Mean Low Water Springs below datum.
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more than 50 location fixes were acquired within each time/tide combination. Kernel home
ranges and UDs that crossed over the land were clipped to cover only the ocean. To
incorporate areas within an animal’s total space use that were not utilised within the UD
category, each UD was clipped to the extent of a MCP that was generated using the total
animal’s movement data (Figure 7.4). The UD grid cells outside of the 99 % kernel boundary
(but within the MCP) were assigned a use value of zero in the RUF analysis.
Following Mazluff et al. (2004), I used standardised RUF β̂ j to compare the relative
influence of nutrient resources on dugong space-use and to test for population-wide
consistency in resource selection, where j = the nutrient landscape beneath the animal’s UD. I
averaged across the β̂ j for each animal to obtain an estimate of the standardised coefficient for
the population assuming that each dugong was independent of the other sampled animals.
This assumption was reasonable based on an analysis of the distances between pairs of
dugongs within the Burrum habitat during the tracking period. I combined an inter-animal
contact distance of 15 m with a maximum herd perceptual diameter of 120 m and an error
margin of 35 m to compare pair distances of animals within herds across tidal stages. Interanimal contact distance is the distance that two animals can maintain visual contact with each
other underwater and the maximum herd perceptual diameter is width of the combined
contact distances of all animals in a herd. Individual dugong contact distances have been
estimated through direct observation by Hodgson (2004) to be < 15 m. This distance is
supported by evidence indicating that dugong eyesight is comparable to that of a masked
diver (Anderson 1982b) and that the water visibility at the Burrum habitat during the tracking
periods was < 10 m. Maximum herd perceptual diameter was based on an oval-shaped single
herd of 24 to 30 animals, with six individuals structured as a straight line at their maximum
perceptual distance apart. Using 120 m as criteria for independence at any time, on average
only 4.4 % of pairs were close enough to influence each others’ movement patterns.
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A.

B

Figure 7.4. Steps for calculation of a RUF for a dugong within the Burrum habitat. A. The location fixes of an animal (colour-coded dots) were subdivided into tide and day/night
categories from which kernel UDs were calculated. All UDs were clipped within a minimum convex polygon generated using the animal’s entire location fix dataset (banded line) to
include areas that were available to the animal but which were used less often. B. The height of each UD was then matched with the values of underlying seagrass biomass, starch and
nitrogen concentration landscapes. The peaks of the UD contours represent greater intensity of space-use. The green layer in B. represents total seagrass biomass projected into 3-D
using the underlying bathymetry; the red contours represent the height of the animal Bunda’s UD during the day at low-tide.
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Because individual dugongs varied in their use of the food landscape, the variance of each β̂ j
was calculated to include the variation within and between dugongs using equation (3) in
Marzluff et al. (2004) (Equation 1) to allow conservative, population-level inferences to be
made about dugong resource use:

Equation (1)
If the standardised coefficients were positive (+ sign), then use increased with the quantity of
the available resource; if the coefficients were negative (- sign) then use decreased with
increasing quantity of the resource (Millspaugh et al. 2006). Standardised coefficients that
were significantly different from zero in a t-test determined which nutrient resources were
selected for or against by the dugong study population. Standardised coefficients were also
analysed using factorial ANOVA to determine the relative influence of the tide and time
environmental factors on dugong resource use. Selection for each food landscape resource
was also indicated by the proportion of dugongs whose standardised RUF coefficients were
significantly correlated with the resource.

β̂ j were also calculated for simulated dugongs to compare observed dugong selection with
that of a simulated randomly moving animal. Correlated random walks (CRW) were
generated using the AMAE (Hooge & Eichenlaub, 1997). The AMAE uses Monte Carlo
simulation and parameters from the observed data (step lengths and turning angles) to
generate the CRWs. CRWs were generated within the six tide/diel treatments based on the
movement parameters of the seven dugongs used in the RUF analysis. Random walks were
bounded within the extent of the Burrum habitat at each tide category so that the simulated
paths were constrained within the limit of resources available to the observed dugongs. The
resulting simulated paths were converted to ‘location fixes’ which were then used to generate
UDs and calculate RUF coefficients. RUF coefficients calculated from simulated CRWs were
used as a control to validate estimates of dugong resource selection
The assumptions and limitations of my approach are summarized in Table 7.1. All values are
given ± standard errors.
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7.3. Results
7.3.1. Attributes of the tracked dugongs

Two male dugongs were captured and tagged in the Burrum heads seagrass habitat during
July 2003, one female and four male dugongs were tagged in the habitat during July 2004. Six
of the seven captured animals were mature adults with body lengths > 2.5 m; the reproductive
status of the 2.2 m long male cannot be reliably inferred from his body length (Marsh et al.
1984). Each dugong was tracked for at least a month; two animals were tracked for 70 days.
The average number of fixes from the seven dugongs for each time/tide combination follows:
(1) day: low-tide 93 (± 5.7), intermediate tide 79 (± 2.7) and high-tide 83 (± 2.9); (2) night:
low-tide 154 (± 10.3), intermediate-tide 168 (± 6.4) and high-tide 162 (+ 10.4). The mean
MCP home range size calculated using the entire location fix dataset was 11.3 km2 (± 1.3), the
mean kernel home range size was 5.8 km2 (± 1.7). The attributes of the tracked dugongs are
summarised in Table 7.2.

7.3.2. Change in the dugong’s foodscape across tide zones

The area of seagrass available to the dugongs changed with the semi-diurnal tidal regime; the
entire 23.8 km2 was available at high tide; 19.9 km2 (84 %) at intermediate tide and 16.8 km2
(71 %) at low tide (Figures 7.1, 7.2, 7.3). The distribution and biomass of the component
seagrasses across the study area in July 2004 for the three tidal regimes are quantified in
Table 7.3 and illustrated in Figures 7.1, 7.2, 7.3. The mean concentrations of starch (F33 1255 =
2.3, p = <0.01) and nitrogen (F33 1255 = 3.8, p = <0.01) varied significantly with seagrass
biomass (Figure 7.5). Post hoc comparisons indicated that both the mean nitrogen and starch
concentrations were lower for seagrasses of higher biomass (> 34 g/m2 N; > 29 g/m2 starch)
than for seagrass plants of lower biomass (Tukey HSD: nitrogen MS = 0.03, df = 1287, p =
0.01; starch MS = 2.4, df = 1287, p <0.01)
Total seagrass nitrogen concentration varied significantly across tidal zones (F2 3.3, p = 0.04),
although these differences were small: 1.11 % (± 0.005, max = 1.42) in the area accessible to
dugongs at low tide; compared with 1.14 (± 0.008, max = 1.39) in the intermediate-tide zone
and 1.11 (± 0.01, max = 1.45) in the high-tide zone (Figure 7.1, 7.2, 7.3). The nitrogen
concentrations of individual seagrass species did not vary significantly across tide zones (H.
uninervis: F2 0.23, p = 0.8; H. ovalis: F2 0.7, p = 0.51; Z. capricorni: F 2 1.9, p = 0.17).
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The mean starch concentration of the seagrass varied with tidal zone: 3.5 % (± 0.03, max =
6.9) in the area accessible to dugongs at low tide; compared with 5.2 % (± 0.1, max = 7.4) in
the intermediate-tide zone and 4.1 (± 0.1, max = 8.1) in the high-tide zone (Figure 7.1 and
7.2). The starch content of Z. capricorni was significantly higher in the intermediate-tide zone
(mean = 4.3 %, ± 1.2, max= 9.8) and high-tide zone (mean = 8.8 % ± 0.7, max = 10.4) than in
the low-tide zone (3.1 % ± 8.1) (F2 29 = 15.0, p = <0.01).The starch content of H. uninervis,
the dominant seagrass species in the Burrum habitat, was similarly higher in the intermediate
tide zone (mean = 7.7 %, ± 1.3, max = 14.3) and high-tide zone (mean = 7.6 % ± 1.1, max =
10.9) where biomass was relatively low than in the low-tide zone (mean = 6.0 %, ± 0.6, max
= 12.9) where biomass was high, although these differences were not significant (F2 46 = 1.18,
p = 0.3).

Nitrogen conc: KW-H(3,1289) = 17.6, p = 0.0005; F(3,1285) = 4.0, p = 0.008
Starch conc: KW-H(3,1289) = 17.2, p = 0.0007; F(3,1285) = 7.9, p = 0.00003
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Figure 7.5: Relationship between total seagrass biomass and seagrass starch and nitrogen
concentration across the Burrum habitat. Starch and nitrogen concentrations initially increased with
seagrass biomass, and then decreased at high biomass densities greater than 30 g/m2 dry-weight.
Consequently, high biomass seagrass patches were lower in nutrients than more sparse patches.

7.3.3. Effects of tide and diel cycle on dugong use of the study habitat

The home range sizes of individual dugongs varied greatly across tide and diel treatments,
from ‘Narawi’ with a day-time, high-tide kernel range of 833 hectares to ‘Bulla’ with a nighttime intermediate-tide range of 10 hectares (Figures 7.6, 7.7). Despite the fact that the tracked
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dugongs appeared to move independently of each other, validating Assumption 2 (Table 7.1),
their home ranges overlapped extensively (Table 7.5), validating Assumption 1 (Table 7.1).
The percentage of overlap across the 95 % kernel home ranges of individual dugongs ranged
from 0 to 100 % (mean day: 39.2 % ± 4.3, mean night: 22.0 % ± 5.3) (Table 7.4). The ranges
of all five animals tagged in July 2004 and the two animals tagged in July 2003 overlapped
with the range of every other available tagged dugong during the day. The ranges of all but
one tagged dugong (‘Bulla’) overlapped with the ranges of all available tagged dugongs
during the night (Table 7.4).

7.3.4. Patterns of dugong food resource selection

As explained in Chapters 3, 4 and 6, GPS fix acquisition from tagged dugongs was possible
only when the transmitter was at the surface. Consequently, greater numbers of locations were
acquired from a dugong within a shallow intertidal area than an animal within a deep subtidal
meadow. More locations were also acquired from dugongs at night when the animals were in
shallow intertidal water than during the day when the animals were offshore in deeper
subtidal water (see Chapter 6). This sampling bias may have lead to the RUF overestimating
dugong association with seagrass during the day when the animals were in deep water (>3 m
MLWS) subtidal habitats. Patches of high-density seagrass (>15g/m2 dry-weight) were more
concentrated in shallower locations (0 – 4 m MLWS) within the low-tide zone of the Burrum
habitat than in deeper locations (4 – 8 m MLWS) (Figure 7.1). This distribution of high
biomass seagrass could have resulted in sampling bias at low tide during the day, giving an
apparent preference for high-density locations in the RUF analysis.

The absolute average value of the standardised

β̂ j

(Tables 7.5 and 7.6) was an index of the

relative use of the food resources by the study population. The extent of association with
particular resources varied between dugongs and between the time-tide treatments as reflected
in the variation in the standardised RUF coefficients. Nevertheless, there were consistent
foraging patterns. The tagged dugongs were consistently positively associated with seagrass
patches that had high nitrogen concentrations, except during the day at low tides when they
were associated with seagrass of high biomass rather than seagrass with high starch
concentration (although see above). The tracked dugongs were positively associated with
areas of seagrass high in starch during both day and night high tides when the animals could
access intertidal areas where the seagrass biomass was generally low. The patterns of
association for seagrass species were less definite (Table 7.6). Dugongs were positively
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associated with Halodue uninervis and Halophila spinulosa only on daytime low tides,
presumably because these species occurred in the high biomass areas, and with Halophila
ovalis only at intermediate tides at night. Dugongs appeared to be negatively associated with
areas of dense Halophila spinulosa at intermediate and high tides at night and dense Zostera
capricorni at intermediate and high tides during the day.
The proportion of the tracked dugongs positively or negatively associated with each resource
landscape was another index of resource selection (Tables 7.6 and 7.7). All seven tracked
dugongs were positively associated with high biomass areas during the day at low-tide,
seagrass patches with high nitrogen concentration at intermediate and high-tides during the
night and with high tides during the day; six of the seven dugongs were positively associated
with high nitrogen concentrations during intermediate tides during the day. Conversely, all
seven dugongs were negatively associated with patches with high starch concentrations
during the day at low-tide. All seven dugongs were positively associated with seagrass
containing high starch concentration during the day at high tide and six dugongs were
positively associated with high starch during the night at high-tide.
Six dugongs were positively associated with high biomass patches of H. uninervis during the
day at low-tide and with H. ovalis at night during intermediate-tide. Six dugongs apparently
avoided H. spinulosa during the night at intermediate and high-tide but were positively
associated with H.spinulosa at low tide during the day. All seven animals were negatively
associated with Z. capricorni during the day at high-tide; six during the day at intermediate
tides.
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Figure 7.6. An example of the intra-animal variation of dugong resource selection across tide and diel cycles is provided by these kernel home ranges calculated from the location fixes from the
individual dugong ‘Wurraman’ in Figure 7.3. The animal’s movement data was sub-divided into tide and day-night treatments. The black rings represent the outer 95% boundary of each kernel range.
The striped polygons represent 100m2 contiguous patches of highest starch concentration (> 6%) in the Burrum habitat. The dark grey polygons represent 100m2 patches of highest total seagrass
biomass (> 15g DW/m2). The dashed line demarcates the boundary of the intertidal zone at low tide (MLWS) and the approximate area of the intermediate tide zone. The stippled area represents the
high tide zone. Note how the animal’s space-use is centred over the densest biomass patch in the subtidal zone at low tide during both day and night. As the tide height increases from left to right the
space-use centre shrinks and moves over the patches of high starch concentration in the intertidal zone during both day and night.
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7.3.5. Effects of tide and diel cycle on dugong use of the food resources

Factorial ANOVAs using the standardised RUFs as independent variables provided further
confirmation that tide had a significant effect on the patterns of dugong space-use. Patches of
high total seagrass biomass appeared to be used more by dugongs during the low-tide than
intermediate or high-tides during both day and night (Figure 7.9.A). There was a significant
interaction between time and tide in the dugongs’ association with areas of high nitrogen
concentration; dugongs showed no preference for patches of seagrass with high nitrogen
concentration at low-tide during the day (Figure 7.9.A). The low influence of tide and diel
cycle on dugong selection for areas of high nitrogen indicated by the RUF model was
confirmed by averaging the nitrogen concentration in the 100 m2 grid cells beneath each
animal’s location fixes. The mean nitrogen values were then stratified across tide and diel
cycles which were used as effects in a multi-factorial general linear model ANOVA. The only
significant effect was that of Animal (as a random factor) (F6 4.2 = 24.7, p = 0.003) indicating
that selection for areas high in nitrogen only varied significantly across individual dugongs.
The mean % nitrogen in the grid cells containing location fixes for all animals was 1.20 per
m2 (± 0.01 se), compared with the habitat average of 1.12 (± 0.003 se, min = 0.69, max =
1.45).
Dugongs were found more often in seagrass patches with high starch concentrations as the
tide rose and the association was greatest at high–tide (Figure 7.9.C). There was also a
significant effect of the diel cycle on dugong association with patches of high starch
concentration; greater selection for starch concentration occurred during the night (Figure
7.9.C). Diel cycle had no significant effect on dugong space-use in association with areas high
in seagrass biomass and nitrogen concentration.
Diel cycle had no significant effect on the spatial association of the dugongs with the biomass
landscapes of any of the seagrass species (Figure 7.10). Tide had a significant effect on
dugong association with the biomass of both H. uninervis and H. spinulosa (Figure 7.10); the
association with both species was strongest at low tide. H. uninervis comprised 80 % of the
total seagrass biomass of the Burrum habitat; hence, the positive association of the dugongs
with H. uninervis mirrored their association with patches of high total biomass (Figure 7.2).
There were no significant interactions between the tidal and diel cycles for any seagrass
species (Figure 7.10).
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Figure 7.7. The individual differences in kernel home range sizes of the observed dugongs is indicated
by this aerial photo of the Burrum habitat with the largest recorded range (‘Narawi’ 833 hectares, day
high-tide, generated using 82 fixes) and smallest range (‘Bulla’ 10 hectares, night intermediate-tide,
generated using 138 fixes) superimposed. The dashed line demarcates the boundary of the intertidal
zone at low tide (MLWS) and the approximate area of the intermediate tide zone (INT = intermediate
tide, HT = high tide). The spatial patterns of the animal ‘Bulla’ were different from other dugongs: its
ranges were very small at night and overlapped with none of the other tracked animals (Table 7.3).

The RUF coefficients of the correlated random walks (CRWs) displayed no population-level
trends of space-use in association with the food resource layers and all RUF outputs had
extremely high variation. Factorial ANOVA using the individual standardised coefficients of
the simulated CRWs showed no significant interactions between the day/night and tide and
any of the seven food resource variables (p > 0.05). These null results of the CRW controls
support the evidence for food resource selection in the tracked dugongs.

7.4. Discussion

7.4.1. Patterns of dugong food resource selection across tide and diel cycles:
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My study successfully answered the three questions posed in the introduction to this chapter.
Despite large differences in the diurnal and nocturnal home ranges of individual animals, the
dugong study population displayed consistent patterns of resource selection; exploiting the
spatial variation in the nutrient concentrations within the constraints on resource availability
imposed by the tidal regime. However, inferences of dugong spatial association with
subtidal/deep water (>3m MLWS) seagrass must take into account the sampling bias of
location fix acquisition described in Chapter 6 and in Section 7.3.4 of this chapter. For
example, the positive association of dugongs to patches of high biomass seagrass during lowtide (particularly during the day) and the lack of association of dugongs to patches of H.
spinulosa and Z. capricorni (which occurred mainly in the subtidal zone, see Chapter 5) may
have been over-estimated by this telemetric bias (see also Figure 7.8).

The dugongs I tracked at my Burrum study site in winter were consistently positively
associated with seagrass patches containing high nitrogen concentrations, except during the
day at low tides when they appeared to be associated with areas of high seagrass biomass and
avoided areas of seagrass with high starch concentration. Seagrass high in starch was selected
for during both day and night high tides when dugongs could access the intertidal areas where
the seagrass biomass was generally low. The patterns of spatial association for the seagrass
species present at the site, all of which were low biomass, tropical species were less definite.
Dugongs were associated with Halodue uninervis and Halophila spinulosa only on daytime
low tides, presumably because these species occurred in the high biomass areas exploited at
that time/tide combination, and with Halophila ovalis only at intermediate tides at night. In
general, dugongs tended to avoid areas with a high density of Halophila spinulosa and
Zostera capricornii, with the negative RUF coefficients achieving significance for Halophila
spinulosa at intermediate and high tides at night and for Zostera capricorni at intermediate
and high tides during the day.

7.4.2. Explaining dugong food resource selection patterns:

The nutritive value of an herbivore’s food is a primary determinant of the quality of a
particular habitat type (Owen-Smith 1982, McNaughton 1988, Wallis de Vries 1996, Chapters
2 and 5). The influence of habitat quality on the performance of wild grazing herbivores has
long been recognized (e.g., Klein 1970, Milne 1991b, Wilmshurst et al. 1999). Wild
herbivores select habitats which provide the greatest nutritional return for foraging effort
(Emlen 1966, Belovsky 1978, Belovsky 1990). For example, McNaughton (1988, 1990)
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showed that large mammalian grazers aggregated in areas of African rangeland where grass
nutrient concentrations were highest.

Similar to their terrestrial analogues, the dugongs I studied demonstrated a fine-grained
matching response to the quality of their food plant resources. Matching occurs when
herbivores spend proportionally more time foraging in areas of greatest nutrient return (Senft
et al. 1987, Gordon and Illius 1989, Illius et al. 1992, Langvatn and Hanley 1993). Dugongs
exploited areas with higher starch and nitrogen concentrations than the surrounding available
habitat which changed with the tides. The RUF analysis indicated that the dugongs foraging
in the Burrum habitat located their combined home range over seagrass patches high in starch
and nitrogen concentration relative to the available resources (Table 7.6). The animals were
then positively associated with areas in this region where starch and nitrogen concentrations
were especially high, as permitted by the tidal regime.

7.4.3. Are dugongs nitrogen optimisers?

My model of dugong resource selection supports a foraging hypothesis based on nitrogen as
the primary limiting nutrient for dugong populations. The RUF model indicated that dugongs
were consistently associated with patches of high nitrogen concentration relative to available
resources. Research on the nutrient concentrations of H. spinulosa in Hervey Bay by Bité
(unpublished) indicates that seagrass nitrogen is not correlated with water depth. Active
selection for habitats with herbage high in nitrogen has been observed in terrestrial grazing
hindgut fermenters such as wild horses (Duncan 1983) and zebra (BenShahar and Coe 1992).
The persistent association of dugong space-use with herbage high in nitrogen concentration
also suggests that dugong foraging strategies in the Burrum habitat enable them to optimise
their intake of nitrogen from a sparse and heterogeneous food resource (Schoener 1971, Krebs
et al. 1974, Pyke 1984).
As explained in Chapter 5, seagrasses contain low nitrogen concentrations (< 2 % DM)
relative to most terrestrial grasses (Birch 1975, Duarte 1990). Consequently, dugongs may not
easily meet their nitrogen requirements (Lanyon 1991). The mean total nitrogen
concentrations recorded in the Burrum habitat (H. uninervis 1.28 ± 0.05 %, H. ovalis 1.21 ±
0.08 %, H. spinulosa 0.88 ± 0.04 %, Z. capricorni 0.82 ± 0.04 %) were less than the 2.4 %
recorded in the analysis of vegetation consumed by free-ranging ruminant cattle by Wallis de
Vries and Schippers (1994). Horses are hindgut fermenters like dugongs (Marsh et al. 1977).
Mature horses require a diet containing 1.28 % nitrogen for maintenance and 1.6 % nitrogen
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for work (irrespective of intake rate as a result of constraints on gut capacity) (National
Research Council 1989). Protein requirements for horses increase to 1.7 and 2.11 % nitrogen
during the last third of gestation and peak lactation, respectively. Foals require 2.3 % nitrogen
for optima1 growth (National Research Council 1989). Based on the equine model, the
nitrogen content of seagrass would be barely nutritionally adequate for dugong maintenance
and inadequate for dugongs during reproduction and growth. If dugongs are nitrogen limited,
their foraging behaviour would reflect a need to maximise scarce nitrogen intake through
optimal foraging strategies. It would be valuable to monitor the foraging behaviours of
dugongs during pregnancy and lactation to ascertain how they meet these increased metabolic
protein demands, particularly if dugongs are more nitrogen limited than cattle and horses.
Anderson (1989) and Preen (1995a) suggest that dugongs in subtropical ranges in both
western and eastern Australia deliberately forage for macroinvertebrates, including ascidians
and polychaetes. Macroinvertebrates may be a source of additional nitrogen in high-latitude
seagrass habitats that decline in nutrient content over winter. Omnivory in manatees has also
been recorded (Powell 1978, Courbis and Worthy 2003). Ascidians were only observed in
trace amounts in the Burrum habitat at the time the dugongs were tracked and no evidence
was found of macroinvertebrate feeding by dugongs.

7.4.4. The food quantity vs. quality dichotomy

The influence of food resource quality on the nutritional status of herbivores is often greater
than food quantity per se. That is, while the total biomass of food plant material may be high,
if a proportion of it is below an adequate nutritional threshold then it can not be considered to
be part of the food resource. The tracked dugongs were consistently associated with seagrass
patches containing higher nitrogen concentrations relatively to the available resources.
Similarly, the significant association of dugongs with areas of high starch concentration
during part of the tidal cycle confirms dugong preference for high energy foods (see also: de
Iongh et al. 1995, Anderson 1998). However, dugongs foraging in the Burrum habitat face a
trade-off between maximising their intake of total seagrass biomass at low-tide and
maximising intake of starch concentration at high tide. This behaviour suggests that dugongs
may adopt: (1) a time-minimising strategy at low-tide, i.e. minimising foraging time by
feeding in areas of high biomass, and; (2) an energy-maximising strategy at high-tide, i.e.
maximising energy intake by foraging for sparse foods high in starch content (Schoener 1971,
Belovsky 1984, Pyke 1984, Stephens and Krebs 1986, Bergman et al. 2001). However, the
sampling bias introduced to the location data from animals in deep subtidal water may have
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affected my results by underestimating dugong foraging behaviour in these areas (Figure 7.8,
see also Chapter 6).

Subtidal zone
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Figure 7.8. Histogram of the relative percent of depths (m MLWS) of high biomass seagrass (>15g/m2
dry-weight) and low biomass seagrass (<15g/m2 dry-weight) throughout the Burrum habitat. The
dashed line at the top of the graph indicates the extent of the subtidal zone. Note how a dugong
foraging for high biomass seagrass at low-tide would not need to move into the deepest part of the
habitat (>4 m). Because more location fixes are received from satellite tags in shallower water, this
shallow distribution of high biomass seagrass in the subtidal zone could introduce a sampling bias that
indicates preference for high biomass patches at low-tide.

Dugongs at the highest limit of their range in Shark Bay on Australia’s west coast are also
limited in their opportunities for foraging on seagrass high in starch concentrations, albeit on
a seasonal rather than tidal scale. Dugongs in Shark Bay in winter are denied access to the
starch-rich H. uninervis pastures that occur throughout the inner bay (Anderson 1998). These
inshore habitats are inaccessible in winter due to the colder temperature of coastal waters
compared to warmer oceanic waters of the outer bay and the poor thermoregulatory capacity
of dugongs (Anderson 1994, Chapter 4). H. uninervis productivity in Shark Bay may also
decline during winter if temperatures fall below 16–19◦C (Kenworthy et al. 1994).

163

CHAPTER 7: The Influence of Diel and Tidal Cycles on Dugong Foraging

Consequently, in winter months dugongs must forage in high biomass, high fibre and low
nutrient content pastures dominated by Amphibolis spp. and Posidonia spp.
Dugongs are long-lived slow-breeding animals (Boyd et al. 1999). Consequently, the rate of
change in dugong numbers is highly sensitive to survivorship (particularly adult
survivorship). Life history theory (Gaillard et al. 2000) suggests that dugongs should adopt
strategies to maintain survivorship at high and relatively constant levels. In Western Australia,
small quantities of dugong flesh are found in a significant proportion of the stomachs of tiger
sharks (16.5 % (Simpfendorfer et al. 2001) n = 225 sharks, (Heithaus et al. 2002) n = 15
sharks). Heithaus et al. (2002) concluded that tiger sharks did not attack prey that were
vigilant and typically attacked prey on burst swims from the surface or from below. Heithaus
et al. (2002) also concluded that tiger sharks preferentially hunted in water < 4 m where prey
was abundant. However, a dugong foraging across shallow intertidal zones < 2 m would have
greater chance of detecting predators and sharks would be unable to surprise-attack because
of the reduced opportunity to attack from below.
If the shallow waters of the intertidal zone enhance the capacity of dugongs to avoid
predators, then the animals would be able to allocate more time to foraging for sparse, energyrich foods than in deeper waters (> 2 m), where more time must be allocated to vigilance. The
use of shallow-water predator refuges by dugongs requires more research (see Chapter 6).
Tracking studies of tiger sharks in Queensland waters suggest that these predators prefer to
hunt in shallow waters to prevent use of the 3rd dimension of escape route by their prey (R.
Fitzpatrick, pers comm., see also Wirsing 2005). Assuming that the movement of dugongs in
the Burrum habitat into the intertidal zone was related to foraging the energetic payoff from
visiting high-starch intertidal patches must have been worth the associated travelling energetic
costs (although moving with the tidal flow was probably energetically efficient).
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Figure 7.9. Factorial ANOVA conducted on individual standardised RUF coefficients for A: Total seagrass biomass; B: Nitrogen
concentration, and; C: Starch concentration. LT = low tide, INT = intermediate tide and HT = high tide (± standard error). Tide
status and Day/Night were categorical factors. Tide had a significant effect on dugong spatial association with biomass and nitrogen
and starch concentration. Dugong use of areas containing high seagrass biomass occurred during low tide, particularly during the
day. Conversely, dugong association with areas of high starch concentration was higher during the night and greatest at high tide.
Dugong space-use coincided with areas high in nitrogen concentration relative to available nitrogen in the Burrum habitat, except
during low tide.
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The tidal driven starch/biomass foraging dichotomy may not be adversely nutritionally
limiting to the dugong population. The high biomass patches with which the study population
was apparently associated with at high-tide were dominated by H. uninervis, which has the
highest starch concentrations of any seagrass sampled on the Queensland coast (Aragones et
al. 2006, Chapter 5). Following the devastating floods in 1992, the intertidal seagrass beds in
Hervey Bay were almost completely eradicated (Preen et al. 1995, McKenzie et al. 2000,
Campbell and McKenzie 2004). The dugong populations that did not move out of the bay in
search of better seagrass pastures relied on the remaining subtidal seagrass beds as food
resources, which were the first meadows to recover (Preen and Marsh 1995). Dugongs have
also been tracked for months in deepwater habitats 10 – 15 m (Chapter 6). Hence, the elevated
starch concentrations found in the intertidal H. uninervis (and possibly also Z. capricorni)
may simply be a source of additional energy from a species which always has a relatively
high energy content.

7.4.5. The unique foraging strategy of the dugong as a large mammalian grazer

The proportion of cell-content to nutrients in seagrasses is high relative to terrestrial grasses
and the cellular structural component is low, suggesting they have some nutritional
advantages over terrestrial grasses (Murray et al. 1977, Lanyon 1991, Chapter 5). Moreover,
sirenians have been found to possess greater capacity to digest fibre than other hindgut
fermenters (Lomolino and Ewel 1984, Lanyon and Marsh 1995a). However, dugongs are
constrained by their limited masticatory ability to consume seagrasses with low fibre content
and high breakability (see: Lanyon and Sanson 2006a & 2006b). For example, H. ovalis, a
preferred food of dugongs, was found by Lanyon and Sanson (2006b) to have higher
mechanical breakability than Z. capricorni, a less preferred food. Z. capricorni also had the
lowest nitrogen content of the seagrasses found in the Burrum habitat (0.82 ± 0.04 % dryweight), which may have contributed to the avoidance of patches containing high density Z.
capricorni by the tracked dugongs. The high use of the Burrum habitat by dugongs is likely to
be the result of the abundance of small, low-fibre, nutrient–rich and highly-breakable species
such as H. ovalis and H. uninervis and the scarcity or absence of robust, lower nutrient highfibre, low-breakability species such as Z. capricorni and Thalassia sp.
Terrestrial hindgut fermenters are able to survive on less nutritious forage than ruminants by
increasing food throughput as digestibility decreases and by selective excretion of fibrous
digesta (Iason and Van Wieren 1997). In contrast, the dugong occupies a specialist niche
within mammalian hindgut fermenters by having a 30 m long colon, which extends food
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retention times for up to a week to maximise nutrient return from ingested forage (Marsh et
al. 1977, Lanyon and Marsh 1995a). Presumably, dugongs are able to counter the energetic
costs of a large and heavy hindgut through the weightlessness of the marine environment.
However, long food retention times in conjunction with a poor masticatory ability likely
obligates dugongs to forage for and ingest large amounts of comparatively nitrogen-rich
seagrass that is also low-fibre, morphologically small and typically sparse.
In tidal environments, dugongs must adapt their foraging strategies to cope with the
intermittent availability of intertidal seagrass resources (see Chapter 6). Terrestrial
mammalian grazers also deal with environmental constraints on foraging, such as steep
topography and sun exposure. However, unlike dugongs they are not subject to the severe
restrictions on optimal foraging imposed each day by the tidal cycle. Dugongs are also unique
among mammalian grazers in that they do not have to regularly seek out a reliable source of
freshwater (unlike their manatee cousins (Reynolds and Odell 1991) nor are they limited by
the mineral content of their forage (essential minerals such as sodium and phosphorus can be
obtained directly from seawater).

7.4.6. Assumptions/limitations of my approach

The challenges of using Resource Selection Functions (RSFs) have been described by Manly
et al. (1993), Garshelis (2000), Alldredge and Griswold (2006), Johnson et al. (2006) and
Thomas and Taylor (2006). For example, autocorrelation effects are often not properly
managed. Autocorrelation can interfere with standard statistical hypothesis testing and can
artificially reduce or inflate the importance of environmental variables as determinants of
animal habitat use (Alldredge and Ratti 1986, Thomas and Taylor 1990, de Solla et al. 1999,
Chapter 6). Classification of available habitat in many RSF studies is also arbitrary and is
seldom measured (Aebischer et al. 1993, Jones 2001, Thomas and Taylor 2006).
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Figure 7.10. Factorial ANOVA conducted on individual standardised RUF coefficients for the biomass of the four seagrass species
found in the Burrum habitat. LT = low tide, INT = intermediate tide and HT = high tide (± standard error).
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My methodology was designed to address as many limitations of the RSF approach as
possible (Table 7.1). I used the RUF technique to calculate robust estimates of dugong
resource selection. Dugong utilisation functions were based on the continuous and
probabilistic measure of space-use of individuals intensively sampled at high resolution using
satellite telemetry. Available resources were delineated in a non-arbitrary fashion using the
combined space-use of all tracked animals. The RUF technique included the available food
resources in the calculations of dugong selection and individual dugongs were correctly used
as the sampling unit. The dugong RUF model enabled identification of the patches of seagrass
biomass/nutrients that represented the highest nutritional return from foraging effort. RUF
outputs also allowed us to test whether dugongs select specific food resources or mixes of
seagrass nutrients/species.
As explained in Chapters 3, 5 and 6, the key obstacle to successfully tracking dugongs via
telemetry is the blocking of the signal by seawater. Radio signals from satellite tags are
attenuated in salt water because of its high electrolyte content (Marsh and Rathbun, 1990). To
compensate for the inability of tags to acquire and transmit a location when submerged, the
tag assembly used in dugong tracking consists of a floating transmitter attached to a 3 m semirigid tether (see Chapter 3). Tags attached to dugongs using a tether are more often at the
surface in shallow water than deep water. When dugongs are moving quickly (> 1 km/h) the
unit is more often pulled under the water than when the animal is moving slowly.
Consequently, greater numbers of locations are acquired from a dugong within a shallow
intertidal area than an animal within a deep subtidal meadow and more locations are acquired
from a slow moving dugong than an animal that is moving quickly (Chapters 4 and 6).
My estimates of the intensity of dugong space-use in relation to available seagrass resources
may be confounded by this differentiation of fix probability by depth and speed. Within the
Burrum habitat, there was a strong diurnal cycle in fix frequency, with relatively few fixes
acquired in the morning and around midday when the animals were furthest from shore.
Consequently, the intensity of dugong space-use in patches of subtidal seagrass may have
been significantly underestimated; especially when fix success was low, since animals that
were in shallower water were more likely to be sampled. In other words, dugong space-use of
deeper subtidal areas may have been underestimated. The positive association of dugongs
with patches of high biomass seagrass and negative association with patches containing H.
spinulosa and Z. capricorni in the subtidal zone may have been over-estimated by this
sampling bias (Figure 7.8), since these patches have distributions which are depth-related.
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Other limiting aspects of my study were the small sample size of my study population and the
restriction of my study to winter. Nonetheless, the animals I observed were tracked at a
previously unobtainable resolution (< 10 m) for months with an average of 740 location fixes
collected for each individual. If my sample was representative of the larger population
consistently observed in the Burrum region during the tracking period (herds ~ 30 animals),
then it is likely my detailed approach accurately captured dugong resource use patterns in the
habitat. Patterns of dugong food resource use in the Burrum habitat may change with seagrass
community structure and nutrient composition across seasons. However, it is unlikely that the
dugong energy and nitrogen requirements identified here also have a seasonal component,
beyond increased demands during reproduction, although increased energy demands
associated with decreased water temperatures in winter may modify dugong starch
requirements (see Chapter 4). A reproduction component to dugong nutritional demands
would likely be spread out across the months of gestation and lactation (Marsh et al. 1984,
Kwan 2002).

7.4.7. Evaluating the RUF technique

My data were well suited to the RUF technique. The high sampling resolution of my dugong
telemetry data enabled accurate calculation of probability density function surfaces (UDs).
My habitat resource data were mapped at a similar resolution to the telemetry data and based
on the extent of combined kernel home ranges as a robust delimitation of availability. By
incorporating areas within an animal’s home range that were not used into the RUF estimation
(via the MCP range), I was able to obtain more accurate measures of resource selection.
Selection of appropriate bandwidth values that determine the level of UD smoothing for
generating kernel ranges (Kernohan et al. 2001) is the greatest issue facing users of the RUF
technique (see also: Millspaugh et al. 2006 and Seaman et al. 1999). I recommend that
ecologists intending to apply UDs to analyses of animal resource selection work closely with
mathematicians to ensure that their data is correctly used in the RUF technique. Future
approaches to estimating a dugong RSF might use spatial processes to estimate the RUF and
covariate effects directly from the observation points without the kernel step (M. Handcock,
pers.comm.).

5.0. Conclusions
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This study is the first independent use of the RUF method of resource selection determination.
My RUF model enhanced our understanding of the associations between dugongs and their
food resources by providing quantitative indicators of the quality of seagrass habitats based
on the resource selection patterns of individual animals. Knowledge of habitat quality will
improve conservation measures designed to protect and manage important dugong habitat.
The model indicated that dugongs were consistently positively associated with seagrass
patches with high nitrogen concentrations, except during the day at low tides when they were
positively associated with seagrass biomass and negatively associated with seagrass with high
starch concentration (although see above comments about the depth-related sampling bias).
Dugongs were positively associated with seagrass that was high in starch during both day and
night high tides when they could access intertidal areas where the seagrass biomass was
generally low. Dugongs may resolve the seagrass quality vs. quantity dichotomy by foraging
on high biomass patches of nutritious seagrass species at low tide and on sparse patches of
high seagrass starch concentration in the intertidal zone. These foraging strategies reflect the
specialised niche of the dugong as the only strictly marine mammal grazer.

6.0. Chapter summary


Understanding the associations between a mammalian grazer and its food resources is
particularly important for the conservation of a threatened species because the
nutritive value of an animal’s herbage is a primary determinant of the quality and
carrying capacity of a habitat.



Seven dugongs were fitted with GPS satellite transmitters and tracked at a fine spatial
scale (< 10m) within a 24 km2, intensively used seagrass habitat in sub-tropical
Hervey Bay, Queensland, Australia in winter. Resource selection within the habitat
was modelled by comparing the dugongs’ use of space with the distribution of their
seagrass food resources within an area defined using the combined space-use of the
tracked animals.



Selection by dugongs for seagrass quantity (biomass) and quality (nutrients) was
analysed within six time/tide combinations to examine the influences of tidal
periodicity and the diel cycle on resource selection. I used resource utilisation
functions (RUFs) to relate a probabilistic measure of each individual dugong’s spaceuse in each time/tide combination in a utilisation distribution (UD) (dependent
variable) to the spatial landscapes of the resource variables (independent variables)
using multiple regression.
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My RUF models indicated that dugongs were consistently positively associated with
seagrass patches with high nitrogen concentrations, except during the day at low-tides
when they were positively associated with seagrass biomass and negatively associated
with seagrass that had high starch concentration. Seagrass high in starch was selected
for during both day and night high-tides when dugongs could access intertidal areas
where the seagrass biomass was generally low.



Dugong space-use of deeper subtidal areas may have been underestimated by the
location fix sampling bias introduced by the GPS-tags. The positive association of
dugongs with patches of high biomass seagrass in the subtidal zone may have been
over-estimated by this sampling bias, since these patches have distributions which are
depth-related.



Patterns of association with seagrass species were less definite. Dugongs were
positively associated with Halodue uninervis and Halophila spinulosa only on
daytime low-tides, presumably because these species occurred in the high biomass
areas, and with Halophila ovalis only at intermediate-tides at night. Dugongs were
negatively associated with Zostera capricorni at intermediate and high-tides during
the day. The negative association of dugongs with patches containing H. spinulosa
and Z. capricorni in the subtidal zone may have been over-estimated by the GPS-tag
sampling bias.
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Table 7.1. An evaluation of the assumptions inherent in and limitations to the approach used in this chapter.
Assumptions/Limitations
1. Available seagrass resources within the boundary of
the Burrum habitat were equally accessible to all
tracked dugongs during each time tide combination.

Assessment
The tracked animals ranged widely over the entire Burrum habitat (see
Figures 7.6 – 7.7, Tables 7.1 and 7.3) and there was a high level of range
overlap (Table 7.4).

Likelihood of assumption being true
HIGH

2. Food resource selection by each tracked dugong was
independent of the selections made by all the other
tracked dugongs present at the study site.

The probability that the tracked dugongs were influencing each others
movement paths was estimated to be less than 4.4% in a herd 120 m wide.
The maximum width of dugong herds observed at Burrum was always <
500 m, hence, the probability that the tracked dugongs influence each
others resource selection was low.

HIGH

3. Nutritional variation in the seagrasses was sufficient
basis for dugong diet selectivity

The nutritional variation within seagrasses is similar to that of terrestrial
grasses used in analyses of the foraging patterns of large mammalian
terrestrial grazers (see Introduction and references therein).

HIGH

4. Seasonal variation in seagrass food quality or
quantity within the tracking period was irrelevant to
study conclusions.

My analysis provided a reliable snapshot of dugong food quality in July,
when most of the animals were tracked. There may have been some
changes in seagrass biomass and nutrient content in early spring, from
early September but only two dugongs were tracked into September.

HIGH

5. Dugongs were consuming both above and below
ground parts of the seagrass and were not eating
invertebrates

Stomach content analyses (Marsh et al. 1982) indicate that dugongs eat the
above and below ground parts of the seagrass species occurring at Burrum.
I found no evidence that dugongs were eating invertebrates at this site at
the time of the study.

HIGH

6. Dugong foraging behaviour was accurately
described across the entire available habitat

The sampling bias introduced by the GPS tags make my descriptions of
dugong foraging within the subtidal zone conservative.

HIGH

7. The spatial scale at which I mapped the seagrass
nutrient patches was adequate for capturing dugong
foraging behaviours at fine-scales.

There are no data on the spatial scale at which dugongs select resources.
However, the spatial scale at which I mapped the resource (200m) is much
less than the scale over which the dugongs were moving on a daily basis
and replicate seagrass samples were taken per sampling site.

UNCERTAIN

8. Positive correlations of dugong space-use with
available resources within each time/tide
combination were related primarily to foraging and
not unmeasured non-foraging behaviours.
9. Study is based on sample of only seven dugongs, six
of which were male.

Space-use may have been related to avoidance of predators or human
disturbance (see (Heithaus et al. 2002, Heithaus et al. 2006; Hodgson et al.
2007). I have no data to accept or reject this assumption for my study site.

UNCERTAIN

Sample was an estimated 20-25% of the dugongs using Burrum study site
at time of study. All tests very conservative. Limitation of sample to
mostly males, reduced risk of food preferences being confounded by
reproductive status.

N/A
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Table 7.2. Attributes of the seven dugongs that exhibited high site fidelity to the Burrum habitat and were used in the RUF analysis

Animal ID

1

Size 95%
2
kernel (km )

Sex

Length
(m)

Date
deployed

Total # Days
tracked

Total # Burrum
location fixes

Mean #
fixes/Day (±se)

Ratio Day to Night
fixes

Size MCP
2
(km )

Kalba

M

2.7

3-Jul-03

48.8

868

18.9 (2.0)

0.36

19.1

12.4

Na'rawi

M

2.2

5-Jul-03

69.9

1012

33.7 (2.2)

0.78

12.1

10

Bunda

M

3

12-Jul-04

41.6

838

44.1 (2.3)

0.5

11.7

5.5

Yin'mai

F

2.5

12-Jul-04

35.4

539

24.3 (2.6)

1.46

9.8

7

Bul'la

M

2.9

13-Jul-04

41.1

609

18.8 (2.7)

0.69

10.2

0.6

Wurraman

M

2.9

13-Jul-04

70

489

31.6 (1.8)

0.65

9.7

3.7

Ku'rui

M

2.8

14-Jul-04

31.3

823

34.7 (3.1)

0.58

9

1.2

1 Minimum Convex Polygon

Table 7.3: Distribution and biomass of the component seagrasses across the study area in July 2004 for the three tidal regimes.

Species
Halodule uninervis
Halophila ovalis
Zostera capricorni
Halophila spinulosa

a
b

% coverage at high tidea
81.8
35.3
15.9
14.5

Biomass available (tonnes)
High tide
Intermediate tide Low tide
162.2
151.7
138.1
16.5
14.5
12.5
22.1
18.3
14.9
21.9
21.9
21.9b

Because the seagrass distributions overlapped, their combined percentage totalled >100 % of the survey area
Subtidal distribution only; does not occur in the intertidal area (Figure 7.2)
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Table 7.4. Percentage overlap of the 95 % kernel home range of the seven dugongs tracked in the Burrum habitat, divided into day/night
categories. All values are read in the direction of the vertical column across the horizontal row, e.g., the range of ‘Wurraman’ during the day
overlapped with 72 % of the range of ‘Yinmai’ while the range of ‘Yinmai’ overlapped with 39 % of the range of ‘Wurraman’. The animals
‘Narawi’ and ‘Kalba’ are compared only with each other because they were tracked in a different year (2003) from the other five dugongs (2004).

DAY
Dugong

Bulla

Bulla
Wurraman

NIGHT

na

353

683
583
983

Bunda

Yinmai

Narawi

Kalba

21

15

34

14

na

42

26

72

na

23
20

54

Bunda

72

57

9

Total area of ranges
overlapped (hect)
452

Kurui

Kurui
Yinmai

na

Total range
area (hect)
373

Wurraman

39

23
66
71

35

na

na

276

60

na

na

782

na

556

831

23

579

262

1142

262

42

na

Narawi

na

na

na

na

na

Kalba

na

na

na

na

na

45

Bulla

Wurraman

Kurui

Bunda

Yinmai

Narawi

Kalba

0

0

0

0

na

na

25

0

486

333

Dugong
Bulla
Wurraman

0

Kurui

0

46
8

Bunda

0

21

49

Yinmai

0

27

100

23

45

na

na

9

15

na

na

86

191

na

na

450

322

na

na

711

478

39

1025

394

1015

394

25
39

Narawi

na

na

na

na

na

Kalba

na

na

na

na

na

38
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Table 7.5. Estimates of standardised RUF coefficients ( β ) for the seven dugongs within the Burrum habitat from the multiple regressions relating
resource use at each grid cell (response) to seagrass biomass, seagrass nitrogen content (N) and seagrass starch content (independent variables) .
Separate regressions were performed for each dugong and each diel/tidal phase combination. Positive coefficients indicate that use increases with
^

increasing values of the nutrient resources. Relative importance of the nutrient resources is indicated by the magnitude of β .Consistency in
^

resource selection across individual dugongs is indicated by the significance of β (significant (p<0.05) differences from 0 are bolded) and the
number of dugongs whose space-use was either positively or negatively associated with each seagrass landscape metric (the + and – signs).

β̂ Biom
DAY

LT

c

+1.03

No dugongs

^

a

95% C.I.
0.40 – 1.66

P( β =0)

b

+

-

β̂ nitro

^

P( β =0)

No dugongs
+

-

β̂ starch

^

No dugongs

P( β =0)

+

7

<0.01

7

0

-0.25

95% C.I.
-0.77 – 0.27

0.28

3

4

-0.53

95% C.I.
-0.78 – -0.28

<0.01

0

-0.56 – 0.59

0.95

3

4

+0.96

0.20 – 1.71

0.02

6

1

-0.02

-0.43 – 0.40

0.93

4

3

0.55
0.16

3
5

4
2

+0.81
+0.76

0.49 – 1.14
-0.11 – 1.63

<0.01
0.08

7
6

0
1

+0.88
+0.23

0.37 – 1.39
-0.10 – 0.55

0.01
0.14

7
4

0
3

DAY
DAY

INT
HT

+0.02
+0.20

NIGHT

LT

+0.50

-0.58 – 0.99
-0.26 − 1.26

NIGHT

INT

-0.02

-0.44 – 0.39

0.90

2

5

+0.97

0.54 – 1.40

<0.01

7

0

+0.52

-0.17 – 1.21

0.11

5

2

-0.19

-0.50 – 0.12

0.19

3

4

+0.70

0.21 – 1.20

<0.01

7

0

+1.07

0.42 – 1.73

<0.01

6

1

NIGHT

HT

a

C.I. = Confidence Interval. These were calculated using both intra-animal and inter-animal variation to provide conservative estimates of population-level coefficients.

b

P values test the null hypothesis that the average β is zero, given n = 7 dugongs.
LT = Low-tide; INT = Intermediate-tide; HT = High-tide.

c
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Table 7.6. Mean standardised RUF coefficients ( β ) for the seven dugongs within the Burrum habitat from the multiple regressions relating
resource use at each grid cell (response) to the biomass of the four seagrass species at this location (independent variables). Separate regressions
were performed for each dugong and each diel/tidal phase combination. Positive coefficients indicate that use increases with increasing values of
^

the nutrient resources. Relative importance of the species is indicated by the magnitude of β .Consistency in resource selection across individual
^

dugongs is indicated by the significance of β (significant (p<0.05) differences from 0 are bolded) and the number of dugongs whose space-use
was either positively or negatively associated with each seagrass landscape metric.

^

c

^

No dugongs

H. uninervis
a
95% C.I.

P( β = 0)

+0.62

0.09 – 1.14

0.03

+
6

1

-0.46 – 0.23

0.45

4

-0.24 – 0.46

0.48

β

^

^

No dugongs

H. ovalis
95% C. I.

P( β = 0)

+0.10

-0.36 – 0.55

0.62

+
2

5

3

+0.40

-0.24 – 1.03

0.18

5

2

3

4

+0.41

-0.21 – 1.04

0.15

6

1

5

2

+0.17

5

2

b

β

DAY

LT

DAY

INT

-0.11

HT

+0.11

LT

+0.29

-0.35 – 0.93

0.31

-0.02 – 0.82

0.06

NIGHT

INT

+0.04

-0.39 – 0.47

0.83

2

5

+0.35

0.03 – 0.68

0.04

6

1

NIGHT

HT

+0.10

-0.21 – 0.42

0.45

3

4

-0.02

-0.15 – 0.23

0.63

3

4

H. spinulosa
95% C. I.

P( β = 0)

Z. capricorni
95% C. I.

P( β = 0)
0.10

+
2

5
6

DAY
NIGHT

^

β

^

No dugongs

^

β

^

No dugongs

0.12 – 0.73

0.01

+
6

1

-0.16

-0.36 – 0.05

-0.48 – 0.16

0.27

3

4

-0.21

-0.39 – -0.03

0.03

1

1

6

-0.35

0

7

DAY

LT

+0.43

DAY

INT

-0.16

HT

-0.38

-0.82 – 0.06

0.08

-0.52 – -0.19

<0.01

NIGHT

LT

+0.002

-0.49 – 0.49

0.99

3

4

-0.11

-0.50 – 0.29

0.53

2

5

NIGHT

INT

-0.34

-0.63 – -0.06

0.03

1

6

+<0.01

-0.45 – 0.45

0.99

3

4

HT

-0.41

-0.80 – -0.03

0.04

1

6

+0.06

-0.45 – 0.34

0.73

1

6

DAY

NIGHT

a

C.I. = Confidence Interval. These were calculated using both intra-animal and inter-animal variation to provide conservative estimates of population-level coefficients.
P values test the null hypothesis that the average is zero, given n = 7 dugongs.
c
LT = Low-tide; INT = Intermediate-tide; HT = High-tide.
b
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CHAPTER 8.
General discussion and synthesis: Conservation management of
dugongs across hierarchical scales of habitat use

In this chapter, I provide a summary of the objectives, techniques and major results of this
study. I discuss these results in relation to their contribution to our understanding of
dugong and large mammalian grazer ecology and conservation and management. I
discuss how my research has contributed towards the understanding of dugong
movement patterns, habitat use and resource selection across domains of scale and how
my research findings have been directly integrated into local and regional coastal
management zoning.
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8.1. Thesis conceptual overview
The dugong (Dugong dugon), which is listed as vulnerable to extinction at a global scale
(IUCN, 2006), is the only large herbivorous mammal that is strictly marine, and it is a
seagrass specialist (Heinsohn & Birch, 1972; Husar, 1978; Marsh et al., 1982; Preen, 1995b,
Chapters 1 and 2). Australia, with the world’s most significant dugong population, has an
international obligation to ensure the continued survival of dugongs in the wild (Bertram
1981, Marsh et al. 2002). Dugongs are large primary consumers of seagrass communities, and
thereby shape the diversity, structure, and dynamics of these extensive ecosystems (Heinsohn
et al. 1977, Lanyon 1991, Marsh 1995). The nutritional ecology of the dugong has many
similarities with that of large, terrestrial, mammalian grazers. Like other free-ranging grazers,
dugongs appear to prefer some food patches and avoid others (Anderson 1982a, Preen 1995b,
Anderson 1998, Chapters 4, 5 and 7) and must optimise their nutrient intake by selecting
quality food plants from within pasture foodscapes (sensu: Gordon and Illius 1989) of lower
quality herbage. However, the influence of seagrass food quality on dugong grazing patterns
and nutritional ecology is poorly understood.
As explained in Chapters 5 and 7, defining key habitats is one of the most important topics of
sirenian research (Lefebvre et al. 2000). Understanding the spatial dynamics of seagrass
communities is essential for predicting patterns of habitat use by selectively feeding dugongs
and for the effective management of seagrass resources. Studying the interaction between
dugongs and their seagrass food requires knowledge of the movements and diving behaviour
of dugongs at scales relevant to both dugongs and managers. Multi-scale approaches to
dugong research have not been possible in the past because of the difficulties of direct
observation of dugongs and the low resolution of telemetric equipment. Because dugongs are
difficult to study in the wild, our understanding of dugong behaviour is inadequate (see
Chapter 1).
Recent advances in satellite telemetry, geographic information systems (GIS) and spatial
modelling have enabled the selection of multiple habitat variables (resources) by animals to
be analysed in a high-resolution, spatially explicit manner (Manly et al. 1993, Alldredge et al.
1998, Erickson et al. 2001, Alldredge and Griswold 2006, Johnson et al. 2006, Chapters 6 and
7). My project capitalised on recent developments incorporating accurate GPS technology
into tracking equipment to monitor the habitat use of wild dugongs at very high resolution.
Telemetric advances provided the capacity to model and map dugong habitat use in the
inshore waters of the Great Barrier Reef and adjacent Hervey Bay and to assess the relative
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importance of different seagrass meadows and parts of meadows to dugongs at scales that are
suitable for informing policy on the management of human activities.

8.2. Review of research objectives, methods and findings
In Chapter Four: Movement heterogeneity of dugongs, Dugong dugon (Müller), over
large spatial scales, my objectives were to observe, characterise and quantify dugong
movement patterns over landscape and regional scales. To meet these objectives, I analysed
data from unpublished satellite PTT tracking together with data from the PTT/GPS tracking
that I conducted for a total of 70 dugongs in sub-tropical and tropical waters of Queensland
and the Northern Territory, Australia. Twenty-two of the dugongs that I tracked were fitted
with both PTT/GPS transmitters and time-depth recorders. The satellite telemetry and dive
data was analysed using advanced spatial statistical techniques to provide new insights into
the nature of the large-scale movement behaviour of dugongs.
Dugongs were tracked for periods ranging from 15 to 551 days and exhibited a large range of
individualistic movement behaviours; 26 individuals were relatively sedentary while 44
moved distances of up to 625 km from their capture sites. The animals that exhibited these
large-scale movements were from all age–sex classes including cows with calves. At least
some of the movements were return movements, suggesting that such movements were
ranging rather than dispersal movements (Figure 8.1.A).
Macro-scale (>100 km) and meso-scale (15–100 km) dugong movements were qualitatively
different from micro-scale movements (<15 km) (Figure 8.1.A – C). Although at least some
of the large-scale movements of animals caught at locations close to the high latitude limits of
the dugong's range in eastern Australia were movements to warm water habitat, animals
caught in the tropics also undertook large-scale movements without such thermal benefits.
Large-scale movements were coastal; the tracked dugongs rarely venturing more than 20 km
off the coast. The tracked dugongs that undertook movements of several hundred kilometres
often bypassed known dugong habitats.
In Chapter Five: Seagrass as pasture for seacows: Landscape-level dugong habitat
evaluation, my objectives were to quantify, at a resolution appropriate to foraging decisions
made by individual animals, the composition and configuration of the seagrass community in
a pasture used intensively by dugongs. An area of core seagrass pasture was first identified
from satellite tracking data. I then used remote sensing, near infrared spectroscopy, GIS and
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spatial statistics to characterise at a landscape-scale the seagrass species, nutrient composition
and bathymetry as raster layers of definitive dugong habitat.
The Burrum Heads 24 km2 seagrass meadow in Hervey Bay, Queensland, Australia, was
confirmed as important dugong habitat by the satellite tracking data in Chapter Five. Five
species of seagrass covered 91 % of the total habitat area (Figure 8.1.C). The total above and
below-ground seagrass biomass was estimated to be 222.7 ± 9.6 t dry -weight. Halodule

uninervis dominated the pasture (81.8 %, 162.2 t), followed by Halophila ovalis (35.3 %, 16.5
t), Zostera capricorni (15.9 %, 22.2 t), Halophila spinulosa (14.5 %, 21.9 t), and traces of

Halodule pinifolia. Because seagrass distributions overlapped, their combined percentage
totalled >100 % of the survey area. The seagrass formed a continuous meadow of varying
density.
Abiotic variables explained relatively little of the spatial patterns in the seagrass in the
Burrum habitat. For all seagrass species, the above-ground component (shoots and leaves)
possessed greater total nitrogen than the below-ground component (roots and rhizomes),
which possessed greater total starch. Because of the relatively low intraspecific variation in
nutrient composition, nutrients were concentrated according to seagrass biomass density.

Halodule uninervis was the most nutritious seagrass species because of its superior
wholeplant nitrogen (1.28 ± 0.05 % DW) and starch (6.42 ± 0.50 % DW) content. Halodule

uninervis formed large, clustered patches of high biomass (compared to the four other species
present) across the pasture and thus nitrogen and starch were concentrated.
In Chapter Six: Physical habitat correlates of the behaviour of a marine mammal
grazer: the effects of tidal and diel cycles on dugong space use, my objective was to
determine the effects of habitat physical variables on patterns of dugong space-use. I matched
dugong telemetry data with the physical habitat variables within eight coastal habitats that
were physiographically dissimilar. The patterns of dugong distance to the shore, distance to
nearest deep water and the actual water depth that dugongs were in were analysed in relation
to tidal and diel periodicity.
The spatial patterns of the dugongs I tracked along the coast of Queensland were modified by
the physical variables specific to their habitats, especially within inshore/intertidal habitats
where the effects of the tide were strongest. Dugongs were active throughout the diel cycle,
and animals within inshore/intertidal habitats made use of deep water refuges and moved
closer to the shore at night than the day. My estimates of diel variation in distances to shore
and to deep water in Chapter 6 were likely to have been conservative due to telemetry
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sampling biases. Onshore movement at high tide allowed dugongs to make use of intertidal
seagrass beds. The reasons for dugongs being closer to shore in the afternoons and evenings
than in the mornings are less clear and may be related to the avoidance of predators and/or
vessels.
In Chapter Seven: Food Resource Selection by a Large Marine Mammal Grazer: The
Influence of Diel and Tidal Cycles on Dugong Foraging, I aimed to answer the following
questions: (1) Do dugongs display patterns of resource selection that are robust across
individuals? (2) Is dugong resource selection driven by spatial variation in seagrass biomass
and/or the distribution of nutrient and/or seagrass species? (3) How is dugong resource
selection within a habitat influenced by the tidal and diel cycles? I matched dugong telemetry
data with the seagrass habitat data generated in Chapter Five to calculate resource utilisation
functions for each animal, stratified across diel and tide cycles. The resulting averaged
regression coefficients provided conservative, study-population estimates of dugong food
resource selection at local-scales.
In Chapter Seven, I showed that despite large differences in the diurnal and nocturnal home
ranges of individual tracked animals, the dugong study population that was resident within the
Burrum habitat displayed consistent patterns of resource selection; exploiting the spatial
variation in the nutrient concentrations within the constraints on resource availability imposed
by the tidal regime. The dugongs I tracked at the Burrum study site in winter were
consistently positively associated with seagrass patches containing high nitrogen
concentrations. During the day at low tides dugongs were positively associated with seagrass
biomass and negatively associated with seagrass that had high starch concentration. This
day/low-tide association may have been modified by the GPS-tag sampling bias. Dugongs
were positively associated with seagrass that was high in starch during both day and night
high tides when dugongs could access the intertidal areas where the seagrass biomass was
generally low.
The patterns of dugong selection for the seagrass species present at the Burrum Heads habitat,
all of which were low biomass, tropical species were less definite. Dugongs were positively
associated with Halodue uninervis and Halophila spinulosa only on daytime low tides,
presumably because these species occurred in the high biomass areas exploited at that
time/tide combination, and with Halophila ovalis only at intermediate tides at night. Dugongs
were negatively associated with Halophila spinulosa at intermediate and high tides at night
and with Zostera capricorni at intermediate and high tides during the day.
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8.3. Implications for dugong and large mammalian grazer ecological theory

8.3.1. Contributions to dugong ecology

My tracking data indicated that dugongs undertake two types of large-scale movements in
response to water temperatures below about 18 °C: meso-scale movements to warm-water
habitats without seagrass (e.g. movements across Hervey Bay or out of Moreton Bay) or
macro-scale seasonal movements to seagrass beds in warmer waters, such as those that occur
in Shark Bay or along the NSW Southern Queensland coast (Marsh et al. 1994, Gales et al.
2004). The hypothesis that dugongs find their way around coastal areas by tracking the
bottom is supported by my TDR evidence that travelling dugongs make repeated deep dives
of consistent depth (presumably along the seafloor).
My tracking data suggest that dugongs maintain a spatial memory of specific habitat
hotspots—patches of quality seagrass food resources, which they visit periodically. Dugongs
may use these visits to monitor the quantity and quality of food resources, balancing the net
rate of energy/nutrient gain from the current patch with the potential energetic costs and
benefits of moving to another meadow. Social cues may also be driving these behaviours. For
example, male dugongs may be following oestrous females. Intraspecific social dominance
hierarchies and competitive exclusion may preclude subordinate animals from occupying
certain seagrass habitats. Another plausible explanation for dugongs bypassing seemingly
high-quality habitat and for the individual variability in the range of areas used by different
individuals is that movements are learned behaviours, reflecting the individual's experience as
a dependent calf.
I posit that dugongs select Burrum Heads as a foraging site because of the characteristics of
the seagrasses that predominate there. The survey area was dominated by extensive meadows
of fast-growing Halodule uninervis configured into highly clustered patches of relatively
dense biomass. The nutritional profiles of the four tropical seagrasses I sampled are generally
consistent with previous studies of the same species (André and Lawler 2003, Mellors 2003,
Aragones et al. 2006). Based on the nutritional requirements of other mammalian grazers such
as horses and cattle (National Research Council 1989, National Research Council 1996), I
assumed that the nutritional variation found in these seagrasses was significant enough to
form a basis for dugong diet selectivity.
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The preponderance of starch in the below-ground component of these tropical species that I
identified in Chapter 5 confirms previous findings that seagrass rhizomes provide a rich
source of starch (de Iongh et al. 1995, Anderson 1998, André and Lawler 2003, Aragones et
al. 2006). There was more than eight times more starch in the below-ground component of

Halodule uninervis than above-ground. Whole-plant H. uninervis also possessed more than
eight times as much starch as Halophila ovalis or Halophila spinulosa. Hence, dugongs may
be actively selecting H. uninervis over other seagrasses on the basis of its elevated starch
content alone, a finding which supports the hypothesis of energy intake-rate maximising. The
nitrogen content of the leaves of all species of seagrass studied in Chapter 5 was also within
the range previously reported for tropical seagrasses (André and Lawler 2003, Mellors 2003,
Aragones et al. 2006). Seagrasses contain low nitrogen concentrations (<2 % DM) relative to
most terrestrial grasses. Consequently, dugongs may not easily meet their nitrogen
requirements, particularly during reproduction (Lanyon 1991).
My RUF model in Chapter 7 enhanced our understanding of the associations between
dugongs and their food resources by providing quantitative indicators of the quality of
seagrass habitats based on the resource selection patterns of individual animals. Similar to
their terrestrial analogues, the dugongs I studied in Chapter 7 demonstrated a fine-grained
matching response to the quality of their food plant resources (Senft et al. 1987, Gordon and
Illius 1989, Illius et al. 1992, Langvatn and Hanley 1993, Morris 1994). My model of dugong
resource selection supports a foraging hypothesis based on nitrogen as the primary limiting
nutrient for dugong populations. If dugongs are nitrogen limited, their foraging behaviour
would reflect a need to maximise scarce nitrogen intake through optimal foraging strategies.
Dugongs foraging in the Burrum habitat face a trade-off between maximising their intake of
total seagrass biomass at low-tide and maximising intake of starch concentration at high tide.
I cautiously infer that this behaviour was indicative of: (1) a time-minimising strategy at lowtide, i.e. minimising foraging time by feeding in areas of high biomass, and; (2) an energymaximising strategy at high-tide, i.e. maximising energy intake by foraging for sparse foods
high in starch content. The validity of these inferences may depend on the extent of the
sampling bias introduced by the GPS-tags.
My RUF study in Chapter 7 supports the dugong cultivation grazing hypothesis of Preen
(1995b). Areas of core seagrass habitat are believed to be maintained by dugong grazing
pressure at an early seral stage and dominated by more nutritious species such as H. uninervis
and H. ovalis. These two seagrass species were selected for by the dugongs in the Burrum
habitat over the less nutritious H. spinulosa and Z. capricorni. Even though H. spinulosa and

Z. capricorni both had predominantly subtidal distributions and were constantly available,
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dugongs still chose to expend energy moving up into the intertidal zone to forage on sparse
patches of H. uninervis that were available only twice in a 24-hour period.

8.3.2. The dugong as a large mammalian grazer

As explained in Chapters 1 and 2, dugongs are hindgut fermenters that use symbiotic
organisms in an expanded colon to ferment dietary fibre (Murray et al. 1977, Marsh et al.
1982, Lanyon and Marsh 1995a, Lanyon and Sanson 2006b). The proportion of cell-content
to nutrients in seagrasses is high relative to terrestrial grasses and the cellular structural
component is low, suggesting they have some nutritional advantages over terrestrial grasses
(Murray et al. 1977, Lanyon 1991). Moreover, sirenians have been found to possess greater
capacity to digest fibre than other hindgut fermenters (Lomolino and Ewel 1984, Lanyon and
Marsh 1995a). However, dugongs are constrained by their limited masticatory ability to
consume seagrasses with low fibre content and high breakability (see (Lanyon and Sanson
2006a, 2006b). For example, H. ovalis, a preferred food of dugongs, was found by Lanyon
and Sanson (2006b) to be easier to break mechanical than Z. capricorni, a less preferred food.
My NIRS nutrient analysis in Chapter 5 showed that Z. capricorni had the lowest nitrogen
content of the seagrasses found in the intensively used Burrum habitat (0.82 ± 0.04 % dryweight). This result may have contributed to the negative association of patches containing
high density Z. capricorni by the dugongs I tracked. My dugong resource utilisation model in
Chapter 7 shows that high use of seagrass pastures by dugongs is predicated on the abundance
of small, low-fibre, nutrient–rich and highly-breakable species such as H. ovalis and H.

uninervis and the scarcity or absence of robust, lower nutrient high-fibre, low-breakability
species such as Z. capricorni and Thalassia sp. The low maximum rate of dugong population
increase relative to rates of increase for terrestrial hindgut fermenters suggests that dugongs
must maintain high adult survivorship to maintain population health (Table 8.1). High
survivorship requires high energy intake from food. Thus, the exceptionally long lifespan of
the dugong provides support for my hypothesis that dugongs have evolved effective strategies
for maximising energy intake from spatiotemporally sparse, patchy and unpredictable
seagrass food resources.
Terrestrial hindgut fermenters are able to survive on less nutritious forage than ruminants by
increasing food throughput as digestibility decreases and by selective excretion of fibrous
digesta (see Chapter 2) (Iason and Van Wieren 1997). In contrast, the dugong occupies a
specialist niche within mammalian hindgut fermenters by having a 30 m long colon, which
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extends food retention times for up to a week to maximise nutrient return from ingested
forage (Marsh et al. 1977, Lanyon and Marsh 1995a). Presumably, dugongs are able to
counter the energetic cost of a large and heavy hindgut through the weightlessness of the
marine environment. However, long food retention times in conjunction with a poor
masticatory ability likely obligates dugongs to forage for and ingest large amounts of
comparatively nitrogen-rich seagrass that is also low-fibre, morphologically small and
typically sparse. The seagrass species that predominate in the Burrum seagrass habitat that I
surveyed and mapped at high resolution in Chapter 5 contain these nutritional qualities. Thus,
the Burrum habitat is an excellent example of high quality dugong seagrass pasture.
In tidal environments, dugongs must adapt their foraging strategies to cope with the
intermittent availability of intertidal seagrass resources (Anderson and Birtles 1978, Chapters
6 and 7). Terrestrial mammalian grazers also deal with environmental constraints on foraging,
such as steep topography and sun exposure (Coughenour 1991, Kie et al. 2005). However,
unlike dugongs they are not subject to the severe restrictions on optimal foraging imposed
each day by the tidal cycle. Dugongs are also unique among mammalian grazers in that they
do not have to regularly seek out a reliable source of freshwater (unlike their manatee
cousins) nor are they limited by the mineral content of their forage (essential minerals such as
sodium and phosphorus) which can presumably be obtained directly from seawater).
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A.

B.
C.

Figure 8.1. The three hierarchical domains of dugong habitat use identified by the historical aerial survey and telemetry data analysed in this study: A: Regional-scale (>10 000 km2) map of Queensland
showing the Hervey Bay dugong tagging site (dashed box) and the network of core habitats along the coast used by tracked dugongs that made macro-scale (> 100 km) moves along the coast. B.
Landscape-scale (10 - 10 000 km2) close-up of Hervey Bay showing the interlinked network of core habitats used by the tracked dugongs within the bay. Black polygons represent the location and size
of dugong core habitats. Black lines represent the macro and meso-scale (15 – 100 km) movement paths between habitats. C. The Burrum Heads seagrass habitat at a local-scale (< 10 km2) showing the
location fixes of a dugong delineated into low-tide, intermediate-tide and high-tide categories. Underlying the location fixes are one-metre bathymetry contours and a kriging interpolation of total
combined seagrass biomass.
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8.3.3. Research synthesis: Dugong hierarchical habitat use

On the basis of my research findings on dugong spatial ecology I posit that dugong habitat
selection and resource use occur hierarchically, across (at least) three different domains of scale:
1. At a regional-scale (> 10 000 km2) dugongs select habitat at the level of individual
bays along the Queensland coast. Analysis of historical aerial survey data in Chapter 4
indicated that the mean size of dense (> 0.1 dugong km2 over 20 years) dugong
population patches was 77 km2 (± 4 s.e.), and that 74 % of dense population patches
occurred within bays rather than exposed coastline. The telemetry data showed that at a
regional-scale dugongs frequently made large-scale moves (>100 km) between core
habitats along the Queensland coast. The size and location of these core seagrass habitats
coincided with the size and location of dense dugong population patches (Figure 8.1.A).
2. At a landscape-scale (< 10 000 km2), dugongs select seagrass pastures within bays
along the Queensland coast comprised of nutritious plant species. For example, the
intense use of the Burrum habitat by dugongs identified in Chapters 5, 6 and 7 is likely
predicated on the presence of extensive meadows (82 % of the total habitat area) of fastgrowing H. ovalis and H. uninervis configured into highly clustered patches of relatively
dense biomass. H. ovalis and H. uninervis are the most nutritious seagrass species found
in Queensland, both in terms of total nitrogen and starch (André and Lawler 2003,
Aragones et al. 2006, Sheppard et al. in press-b); the two components believed to be most
limiting in dugong nutritional ecology. Dugongs have been observed actively avoiding
seagrass habitats dominated by less nutritious species, such as Z. capricorni, even if they
are of high biomass (Preen 1995b) (Figure 8.1.B).
3. At a local-scale (< 10 km2) within seagrass pastures that are within bays along the
Queensland coast, dugongs select seagrass patches on the basis of their nutrient
concentrations. My RUF analysis in Chapter 7 indicated that the dugongs foraging in the
Burrum habitat placed their total home range over high biomass seagrass patches of
nutritious species (i.e., H. ovalis and H. uninervis). The animals were then positively
associated with areas within their home range where starch and nitrogen concentrations

188

CHAPTER 8: General discussion and synthesis

were especially high relative to the available resources, depending on tide status (Figure
8.1.C).

8.4. Implications for conservation management
Managing coastal marine ecosystems for the conservation of dugongs and their seagrass habitat
will require a thorough understanding of how changes in dugong populations and patterns of
herbivory interact with and regulate seagrass communities and ecosystems. Dugongs present a
management challenge because the complexity of dugong movement behaviour and resource use
across multiple spatial scales complicates efforts to delineate and protect important dugong
habitat. My analyses of aerial survey and telemetry data indicates that dugong populations along
the coast of Queensland, Australia are patchily distributed and that dugongs select habitats across
a range of spatiotemporal scales (Marsh and Rathbun 1990, Marsh and Lawler 2001, 2002, 2006,
Chapter 4). Because dugongs are highly vagile, conservation management for dugong populations
should also be inherently spatial. Dugong management activities should be conducted across
multiple scales and jurisdictional boundaries.

8.4.1. Management implications of large-scale moves

My finding that dugongs frequently undertake large-scale moves in Chapter 4 has implications
for management at a range of scales, and strengthens the aerial survey and genetic evidence for
management and monitoring at ecological scales that cross jurisdictions (Marsh and Saalfeld
1989, Marsh et al. 2002b, Marsh et al. 2004). The capacity of large-scale monitoring programs to
detect trends in dugong numbers at scales of even thousands of km2 is confounded by the
dugongs' tendency to undertake large-scale moves (Marsh et al. 1994, Gales et al. 2004). With
movement between bays a common occurrence, estimates of population size and trends can only
be meaningfully made at regional scales.
The large-scale movement behaviour identified by my tracking study in Chapter 4 implies that
conservation actions implemented at smaller scales may not be sufficient to ensure the
sustainability of dugong populations. The tracking data indicates that dugongs frequently make
macro-scale moves between core seagrass habitats within bays along the Queensland coast.
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Accordingly, when developing strategies for dugong conservation, the dugong population of any
one bay should be considered not as an isolated entity but as a fluctuating component of a
spatially dynamic metapopulation.
The tendency for dugongs to track the bottom on large-scale movements may increase their
vulnerability to incidental capture in bottom set gill nets, suggesting that that strategy of
protecting dugongs in a network of no-take marine protected areas (e.g., Dugong Protection
Areas) in which netting practices are modified or banned may not be as effective as previously
thought (Grech and Marsh 2007). In addition, if dugongs transfer their spatial knowledge of the
location of quality food resource patches to their offspring, then local depletions will lead to loss
of this knowledge. Areas of high quality seagrass may thus become unknown to dugongs. In the
absence of grazing pressure such areas may become less valuable as dugong habitat if the
preferred early seral stage species of seagrass convert to more fibrous species (Preen 1995b).

8.4.2. Implications for dugong habitat protection

Analysis of animal habitat use is typically conducted with the assumption that the habitat has
conservation value (Nams et al. 2006). As explained in Chapters 2 and 5, defining key habitats is
one of the most important topics of sirenian research (Lefebvre et al. 2000). Information is
required on the composition and configuration of the seagrass meadows that dugongs target. The
sampling intensity required to identify and understand the drivers and scales of dugong foraging
decisions has been prohibitively expensive for both field and laboratory components of the
research. However, rapid economical techniques have recently been developed with
improvements in remote sensing, near infrared spectroscopy and GIS. My analytical approach in
Chapter 5 demonstrated how these techniques can be used to effectively quantify the species
composition, nutrient profile and patch structure of a seagrass pasture used intensively by
dugongs at scales relevant to a foraging dugong and at a level where local monitoring and
management activities can be effective.
The enhanced understanding of the associations between dugongs and their food resources
provided by my RUF model in Chapter 7 will improve conservation measures designed to protect
and manage important dugong habitat. The findings of the RUF model have enhanced our
understanding of the attributes that determine habitat quality for dugongs, which will in turn,
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enhance our understanding of how dugongs may respond to habitat degradation and
fragmentation. Conservation procedures can then be tailored to protect high-quality habitats and
enhance the dugong conservation management.
By projecting my RUF predictions across a broader scale, managers could identify potential
locations of quality dugong habitat and areas likely to be colonised by dispersing animals or an
expanding population. My research findings suggest that dugongs are positively associated with
seagrass habitats comprised primarily of H. ovalis and H. uninervis, based on the high starch and
nitrogen content of these species. Bays containing these quality food resources comprise an
interlinked network of core habitats between which dugongs frequently move. Accordingly, bays
along the Queensland coast with seagrass meadows dominated by H. ovalis and H. uninervis
patches should be afforded a high level of protection as potential quality dugong habitat.
Dugongs also appear to move up into shallow, near-shore areas to forage on sparse patches of H.
uninervis with elevated starch concentrations. Therefore, bays with extensive intertidal meadows
of H. uninervis should also receive enhanced protection, even if the seagrass meadows are of low
biomass. For example, the importance of the Burrum habitat for the dugongs of Hervey Bay was
confirmed by my study, even though the Burrum habitat has low total seagrass biomass compared
with many other dugong habitats. For example, intensively used meadows consisting of H.
uninervis and H. ovalis in Moreton Bay, 400 km south of Hervey Bay, had up to 15 x more dryweight biomass per km2 than the Burrum habitat (Preen 1993).
The seagrass food resource comprising the Burrum Heads dugong pasture appears to be utilised
well below its potential carrying capacity, which may reflect historical decline of dugong
populations from anthropogenic threats. If dugong populations in Hervey Bay further decrease,
the Burrum habitat may undergo a seagrass community phase-shift in the absence of grazing
pressure to become dominated by H. spinulosa and Z. capricorni. In this scenario, the Burrum
habitat would decline in nutritional quality and in its ability to provide resources for dugong
population persistence (Preen 1995b). Hence, maintaining dugong populations through effective
conservation management should also be viewed as essential to maintaining the nutritional
viability of dugong seagrass resources.
Dugongs at the high latitude limit of their range make use of warmer offshore habitats as
thermoregulatory grounds during winter (Anderson 1986, Marsh and Rathbun 1990, Preen 1992,
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Marsh et al. 1994, Gales et al. 2004, Chapter 4). Thermoregulatory habitats, such as the Sandy
Cape site in Hervey Bay identified from my tracking study, may be bereft of seagrass food
resources. These habitats play an important role in maintaining dugong populations even though
they have low seagrass biomass and should be included in dugong habitat protection strategies.
The physical habitat correlates of dugong behaviours identified in Chapter Six can be used to
predict the spatial patterns of dugongs within areas of conservation management significance and
to assess the effects of anthropogenic disturbance. For example, the offshore movements of
dugongs within the Burrum habitat during the morning and early afternoon may be related to the
high boat traffic that frequently occurs in this area at these times. Consequently, inshore/intertidal
habitats with ready access to deep water refuges may enable dugongs to use areas that have high
boat traffic without being disturbed from quality seagrass patches. Boat traffic within
inshore/intertidal dugong habitats that do not have access to deep water refuges may require more
intensive management, e.g. the implementation of go-slow zones. Coastal developments, inshore
fisheries and aquaculture activities that can potentially impact on dugongs and their seagrass
habitats should take into account the proximity of dugongs to the shore at night, when the animals
may have previously been undetected. Offshore/subtidal habitats represent an important seagrass
reserve for dugongs in the event of large-scale dieback or burning events. Accordingly, both
inshore/intertidal and offshore/subtidal habitats should be considered in management strategies
designed to conserve dugong seagrass resources.
As described in Chapter 3, the Hervey Bay region is experiencing rapid urban development, as
increasing populations have lead to a recent boom in coastal property developments. For
example, during the satellite tracking field study, two housing estates have been established
adjacent to the Burrum dugong habitat (www.dolphinwaters.com.au and
www.onthebeachburrumheads.com.au). Ensuring that proper environmental safeguards are
installed and maintained during coastal development (e.g. runoff water quality monitoring,
erosion control) should be a priority for managers seeking to protect vulnerable dugong habitat in
the region.
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Figure 8.2. Schematic diagram of the five domains of dugong conservation management scale based on the
hierarchical habitat use of dugongs identified in this study. The scale decreases from top to bottom, from
global conservation measures such as international treaties to local seagrass habitat monitoring by
community volunteer groups.
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8.4.3. Hierarchical scales of dugong management

I recommend that the appropriate scales at which to manage dugong populations and their
seagrass habitats be co-ordinated within and across the hierarchical scales of habitat use indicated
by my analysis of dugong aerial survey and telemetry data in Chapter 4 (Figure 8.2):
1. At an International-scale, dugongs are currently protected by global conservation
treaties such as the Convention on International Trade in Endangered Species of Wild
Flora and Fauna (CITIES) and the Convention on the Conservation of Migratory Species
of Wild Animals (CMS). Genetic studies support the aerial survey and telemetry evidence
that dugong populations overlap international boundaries (see Chapter 4) (Tikel 1998,
Blair et al. in review). Hence, support should continue to be provided for the coordination of management initiatives across jurisdictions (Marsh et al. 2002b).
2. At a National-scale within Australia, dugongs are protected in Commonwealth waters by
the Environment Protection and Biodiversity Conservation Act (EPBC) 1999. Because
dugongs making large-scale movements cross state jurisdictional boundaries (e.g. from
the Northern Territory into Queensland waters (see Chapter 4), there is a need to improve
dugong management at a Commonwealth level, possibly through a National Plan that coordinates dugong management through a central Government agency such as the Great
Barrier Reef Marine Park Authority or the Department of the Environment and Water
Resources.
3. At a Regional-scale within Australia, dugongs in State waters are protected by legislation
specific to each State. For example, in Queensland waters dugongs are protected by the
Queensland Nature Conservation Act 1992 (Marsh et al. 2002) (Figure 8.3). Most of the
dugongs and their habitat on the urban coasts of Queensland are in marine parks,
including within Commonwealth waters where they are protected by the EPBC Act and
the Great Barrier Reef Marine Park Act 1975. In 1997, the Australian and Queensland
governments established a series of sixteen Dugong Protection Areas (DPAs) along the
coastline, in which gill and mesh net fishing is restricted and, in the Hinchinbrook
Region, boat speeds are restricted. In 1999, a conservation plan for dugongs in
Queensland was implemented by the Environmental Protection Agency. This plan further
reinforced the functions of Dugong Protection Areas. On 1 July 2004, the Great Barrier
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Reef Marine Park Zoning Plan, and on 5 November 2004 the Great Barrier Reef Coast
Marine Park Zoning Plan were legislated. Together, these plans protect more than 33 %
of the World Heritage Area in ‘no take’ areas. This rezoning has resulted in a substantial
increase in protection for dugongs and their seagrass habitat (Grech and Marsh 2007).
The location and size of the DPAs parallel the patchiness of high density dugong
populations and the meso and macro-scale movements of dugongs travelling between
core habitats along the Queensland coast. Hence, dugong hierarchical habitat use at
regional-scales is well protected along the Queensland coast. However, dugong
management at regional-scales in Queensland still needs to be effectively co-ordinated
across State and Commonwealth jurisdictions, possibly by a central authority.
4. At a Landscape-scale within Australia, dugongs are protected by the legislation specific
to each bay that large dugong populations consistently occur. For example, dugong
habitats within Hervey Bay are now protected by the recently legislated Great Sandy
Marine Park. Dugongs in seagrass habitats around Hitchinbrook Island are protected by
the Hitchinbrook Plan of Management, which stipulates a maximum boat length of 20 m,
a voluntary 25 knot speed limit transit lane and a no-fly zone for aircraft over the
Hitchinbrook Dugong Protection Area (GBRMPA 2001, Marsh et al. 2002).
5. At a Local-scale within Australia, dugongs are protected by go-slow zones over
individual core habitats, e.g. the recently legislated zone over the Burrum Heads habitat.
Due to logistical and fiscal constraints it is unlikely that dugong habitat protection by
government management agencies could be extended to the seagrass patch level,
especially given the highly spatiotemporal variability of seagrass meadows. Nonetheless,
small-scale volunteer organisations such as Seagrass Watch (www.seagrasswatch.org)
regularly monitor seagrass meadows in Queensland at the patch level and provide
recommendations to local management agencies on the health of the meadow as a food
resource for dugongs and marine turtles. There is also potential to extend the role of
Traditional Owners and Indigenous peoples in the management of dugongs and their
seagrass habitat to local-scales within their sea-country. For example, in the Great Barrier
Reef Marine Park near Cardwell dugong hunting has been regulated at local-scales by the
indigenous Girringun community. A Traditional Use of Marine Resources Agreement
(TUMRA) was developed with key elders and GBRMPA which banned dugong hunting,
(Havemann et al. 2005).
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8.5. Management Outputs and Outcomes from My Research to Date…

8.5.1. Great Sandy Strait Marine Park

During 2003 – 2005 the Senior Planning Unit of the Queensland Environmental Protection
Agency (EPA) requested scientific advice regarding areas of high dugong conservation
significance in the draft Great Sandy Strait Marine Park. Specifically, I was invited to provide
input on a proforma document that identified areas of High Environmental Value within Hervey
Bay and the Great Sandy Strait region. My submission included the identification and
characterisation of important seagrass habitats for the dugongs of the region, as well as travel
possible corridors and thermoregulatory sites (see Chapter 4). In addition to detailed descriptions
of dugong core habitats, I provided comprehensive maps of dugong home ranges, movement
paths and habitat use. I stressed the importance of the Burrum Heads, Sandy Cape and Kauri
Creek habitats based on the intensive use of these areas by the tracked dugongs.
My submission also included collaborative research conducted on the risk of boat strike for
dugongs at the Burrum Heads site by Maitland et al. (2007). At least six dugong mortalities
recorded by the EPA in the Burrum region have been attributed to boat strike (Yeates and Limpus
2003). This figure for boat strike mortality is conservative and will likely increase with the
increasing urban development in the region. By comparing observed boat movements with my
dugong telemetry data, Maitland et al. (2007) examined the spatial variability across the Burrum
Region in relative levels of boat strike risk. The authors found that almost all observed boats were
planing while traversing an area also used by dugongs. Maitland et al. (2007) concluded that there
was a high risk of boat strikes to dugongs in the shallow intertidal waters immediately adjacent to
Burrum Heads township, particularly in winter when the number of recreational anglers
dramatically increases due to the whiting run (small fish ~ 30 cm) that congregate close to
Burrum Heads in large schools).
The Great Sandy Marine Park was officially legislated in August 2006 and final maps of the park
zones and designated areas were released (Figure 8.4). The Park extends from Baffle Creek in the
north to Double Island Point in the south. It includes Hervey Bay, Great Sandy Strait, Tin Can
Bay Inlet and the waters off the east coast of Fraser Island, seaward to three nautical miles. The
Burrum Heads, Woodgate and parts of the Sandy Cape dugong habitats occur within Habitat
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Protection Zones in the new marine park. The Woodgate and Fork Bank deep water habitats and
Turkey Island and Sandy Cape habitats occur within Marine National Park Zones. The Big
Woody Island, Poona and Kauri Creek habitats occur within Conservation Park Zones. Within
any of these three management zones, professional fishing, aquaculture and extractive
development activities cannot occur without permission from the EPA (EPA 2006).

THIS IMAGE HAS BEEN REMOVED DUE
TO COPYRIGHT RESTRICTIONS

Figure 8.3. An example of regional-scale dugong protection is provided by the network of Dugong
Protection Areas that was established in 1998 to enhance the protection of dugongs and their seagrass
habitats along the Queensland coast (http://www.gbrmpa.gov.au).

In addition to enhanced habitat protection that the Great Sandy Marine Park zoning provides for
dugongs, the Burrum Heads, Big Woody Island and Kauri Creek habitats have also been
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designated as Go-Slow zones (Figure 8.5). Boaters traversing Go-slow zones must remain in a
non-planing mode and not operate a vessel ‘… in a way or at a speed that could reasonably be
expected to result in the striking of a turtle or dugong’ (EPA 2006). Maitland et al. (2007)
demonstrated that the imposition of a go-slow zone would cause minimal inconvenience to most
boaters (average trip time would increase by < 3 minutes) because of the common destination of
most boaters and the small spatial scales involved.

8.5.2. Great Sandy Region Marine Aquaculture Management Plan

In 2005 – 2006 the Queensland Department of State Development and Trade and Queensland
Department of Primary Industries and Fisheries requested maps and information on dugong core
habitats and travel corridors for consideration of aquaculture permits in the Great Sandy Marine
Park. Recognising the importance of Hervey Bay and the Great Sandy Strait to dugongs, turtles,
humpback whales and grey nurse sharks, aquaculture in the area has been limited to rack and line
and ranching methods for oyster, scallop and sea cucumber production (EPA 2006). GIS maps of
dugong core habitats and travel corridors from my research have been incorporated into a Great
Sandy Region Marine Aquaculture Management Plan to minimise the disturbance of dugong
seagrass habitat and the risk of dugong entanglement in nets and cables. Consequently, recently
proposed scallop and pearl farms have been allocated space far from dugong habitats. A spatial
model of relative dugong population density based on historical aerial survey data was calculated
using the methodology of Grech and Marsh (2007). The model is a spatial tool designed to enable
the EPA to determine the effectiveness of marine park legislation in protecting dugong
populations and their habitats within Hervey Bay. The model indicates areas of high dugong
density that were also frequented by the animals that I tracked (Figure 8.6, see also Chapter 4)

8.6. Future research directions

8.6.1. Comparing dugong behaviours in different habitats and seasons

My research findings constitute a snapshot of dugong spatial patterns and habitat use during
winter over two consecutive years in restricted areas. The costs and logistical constraints of
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dugong telemetry means that sample sizes will typically be small and that tracking periods will be
limited to a few months at a time. To enhance our understanding of dugong ecology, future
tracking studies should be conducted in disparate habitats, across seasons using a variety of size
and sex classes (Table 8.2). For example, a complementary future study could examine dugong
movement patterns and habitat use in Hervey Bay during summer months.

THIS IMAGE HAS BEEN REMOVED DUE
TO COPYRIGHT RESTRICTIONS

Figure 8.4. An example of landscape-scale dugong conservation management is provided by the Great
Sandy Marine Park zoning that was legislated in 2006. Areas of high dugong conservation significance that
were identified from my satellite telemetry data, including core seagrass habitats and possible travel
corridors, were provided to senior EPA managers during the planning phase. Note how all but one of the
dugong habitats (Point Vernon deepwater habitat, see Chapter 6) in Figure 8.1.B now occur within
Protection Zones, including the Sandy Cape thermoregulatory habitat which is almost devoid of seagrass
food resources. Within any of these three management zones, professional fishing, aquaculture and
extractive development activities cannot occur without permission from the Queensland State Government.

199

CHAPTER 8: General discussion and synthesis

Dugong seagrass habitats along the Queensland coast have a strong tidal component and shark
numbers are relatively low as a consequence of more than 50 years of shark netting for swimmer
safety (Marsh et al. 2005). It would be valuable to compare this research on the spatial patterns
and habitat use of dugongs on the Queensland coast with that of dugongs in Shark Bay, at a
similar latitude on the West Coast of Australia. Dugongs in Shark Bay experience less tidal
restriction on intertidal foraging but greater predation risk, particularly from tiger sharks
(Heithaus et al. 2002, Wirsing 2005, Heithaus et al. 2006, Heithaus et al. 2007).
A dugong tracking study conducted in Shoalwater Bay on the central Queensland coast would
enable analysis of dugong spatial patterns and seagrass resource use in a pristine, remote habitat
with an extreme tidal range (7 m). The role of tidal periodicity in restricting access to intertidal
seagrass food resources in Shoalwater Bay would be more than double that of the Burrum Heads
habitat. Presumably, the effects of this extreme tidal range would be observed in dugong spatial
behavioural patterns; the animals being able to forage higher up on the intertidal zone for longer
periods than at Burrum. The fast currents associated with the large tidal flow would also influence
the energy costs of dugong foraging movements if the animals are able to ride currents into and
out of the intertidal seagrass meadows.
The Torres Strait region has the largest dugong population in Australia (Marsh et al. 2002, Marsh
et al. 2004). A tracking study and a survey of dugong seagrass habitat conducted in the Torres
Strait would provide valuable information to inform conservation management policy for
dugongs and their habitats in the region, especially within the context of indigenous hunting
(Marsh et al. 2004, Lawler et al. 2005). The seagrass pastures of the Torres Strait remain
understudied, despite their importance as critical habitat for commercial and traditional fishery
species (Pitcher et al. 1992, Long and Poiner 1997, Coles et al. 2003, Sheppard et al. in press-a).
However, dugong tracking and seagrass surveying in the Torres Strait is prohibitively difficult.
The region experiences year-round strong winds, making dugong catching and seagrass sampling
difficult and potentially hazardous, and the remoteness of the Torres Strait means that logistical
support is typically expensive or unavailable (Lawler et al. 2005). Despite these difficulties, a
telemetry study of dugong spatial patterns and habitat use the Torres Strait should be a high
priority because of the considerable benefits to dugong conservation management, including
enhanced understanding of what constitutes quality habitat for dugongs in the region. A tracking
study could also effectively engage Torres Strait Islander communities and involve them in
research designed to enhance the management of a species that has high cultural significance.
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A.

B.

C.

Figure 8.5. An example of local-scale dugong conservation management is provided by the designated go-slow zones (dotted polygons) in the Great Sandy
Marine Park that were defined using the core seagrass habitats identified from my dugong tracking study (see Chapters 4 and 6 as well as Figure 8.1.B.). These
zones require boats to remain off a planing mode to reduce the risk of collision with dugongs in the A. Burrum, B. Big Woody Island and C. Poona and Kauri
Creek core seagrass habitats
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8.6.2. Analysing dugong spatial behaviours with emerging technologies

As tracking and telemetric technologies improve, the scope for research into dugong spatial
behaviour expands (Figure 8.7.). For example, small acoustic tags could provide inexpensive
high-resolution local-scale data on dugong movements within an intensively used seagrass
habitat. The only limitations would be the initial cost of the receiving station relay (which can
often be hired from other institutions) and the inability to tracking an animal that moves out of the
habitat and out of relay tracking range (> 1 km). An acoustic array that provided local-scale data
would be suitable for researching how dugong spatial ecology interacts with dugong nutritional
ecology. Dugong forage quality within an intensively used habitat could be experimentally
manipulated (e.g. by artificially fertilising specific seagrass patches to stimulate growth and
nutrient concentrations, see Mellors 2003). The spatial responses of the tracked dugongs to the
modified habitat could be monitored to determine the sensitivity of dugong foraging to changes in
food resource quality.
The new Fastloc™ GPS technology holds great promise for analysing dugong spatial patterns,
particularly for animals in deep water or undertaking large-scale moves (see Chapters 3, 4 and 6).
The key obstacle to successfully tracking dugongs via telemetry is the blocking of the signal by
seawater. Transmitters can only function when the aerial is above the water surface. Such periods
are typically brief, as when the animal surfaces to breathe. Conventional GPS tracking requires
relatively long surface times (several seconds) as the GPS must acquire the satellite signals and
almanac data for satellite locations before calculating the location. The time to estimate a location
is positively correlated with the period since the last location. Thus if an attempt to gain a location
fix is unsuccessful, subsequent attempts are even less likely to succeed, leading to large gaps in
the data.
Location data gaps are particularly evident in animals tracked in deep water (> 10 m) and/or
making a large-scale move when the unit is less often at the surface to acquire and transmit its
location (Chapters 4, 6 and 7). The Fastloc™ technology is specifically designed to overcome this
problem because it can acquire a fix in < 1.0 second by excluding the almanac data which is
added after data download in a post-processing phase (www.wildtracker.com). Hence, a greater
number of location fixes could be acquired from a dugong in deep water or making a large-scale
movement with the Fastloc™ system than with conventional GPS units.
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Figure 8.6. Spatial model of relative dugong population density in Hervey Bay that was calculated with 20
years of historical aerial survey data using the methodology of Grech and Marsh (2007). The model will
provide the Queensland Environmental Protection Agency with a tool to determine the effectiveness of
legislation in protecting areas that are important to dugongs. Note the centres of high relative dugong
density around Burrum Heads, Sandy Cape and the southern Great Sandy Strait – all areas that were
frequented by the dugongs that I tracked (see Chapters 4, 5, 6 and 7).
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Our understanding of dugong spatial ecology and habitat use is still in its infancy, despite
research spanning nearly 40 years (Heinsohn et al. 1977, Anderson and Birtles 1978, Anderson
1982b, Lanyon et al. 1989, Marsh and Rathbun 1990, Anderson 1994, Preen 1995b, Preen and
Marsh 1995, de Iongh et al. 1998, Marsh et al. 2002, Chilvers et al. 2004, Hodgson 2004,
Aragones et al. 2006). For example, there is limited information on dugong spatial patterns and
habitat use during reproduction and the role of predation on dugong habitat use (Figure 8.7). The
role of nutrient intake rates in modifying dugong habitat use and food resource selection is also
poorly understood and was beyond the scope of my study. Nevertheless, more information on the
nutrient intake rates of dugongs is required to gain a more complete understanding of
dugong/seagrass interactions. Information on dugong nutrient intake rates may be acquired via
direct observation of animals in captivity or by closely monitoring animals in local-scale habitats
that have been mapped at a high resolution.
Telemetry studies are often prohibitively expensive and the high costs involved usually result in
small sample sizes. Nevertheless, only satellite tracking can provide the detailed, high-resolution
data required to accurately analyse dugong behaviours over 24-hour periods because of the
difficulty in observing dugongs in the wild directly. My research has capitalised on recent
advances in wildlife telemetry, GIS and spatial statistics to successfully model dugong spatial
behaviour at an unprecedented fine-scale. My research outputs have enhanced the ecological
basis for the conservation management of dugongs and have been directly incorporated into
management plans for conserving dugong habitat in Hervey Bay and for minimising the risk of
boat strike. The advances in the technology associated with wildlife tracking promise significant
further insights which will improve our understanding of dugong spatial ecology as a basis for
management.
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Figure 8.7. Schematic diagram of the factors that can theoretically influence the foraging dynamics of dugongs. The diagram also identifies potential topics for
future studies of dugong ecology. Grey arrows indicate direction of the influence. Factors in red boxes are least known and data deficient. Factors in orange
boxes have been investigated to some degree but require further research. Factors in green boxes have been studied more intensively than the other boxes, but
also require further research, particularly with comparisons across different seagrass habitats.
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Table 8.1. Comparison of dugong life history parameters with terrestrial hind-gut fermenter analogues.
Species
Dugong
White rhino
Zebra
Hippopotamus
African elephant

Mass tonnes
0.4
1.7 – 2.3
0.2 - 0.3
1.5 – 3.2
7

Max lifespan yrs
< 70
40 – 50
20
45
60

Age first breeding
6 – 17a
7 – 10b
3 – 5c
g
10
14i

Adult survivorship %
95a
NA
95d, e
94h
94i

Max rate of increase %
<5
6 – 10b
7 – 10f
NA
3j

a. (Marsh et al. 1984)
b. (Rachlow and Berger 1998)
c. (Penzhorn 1988)
d. (Spinage 1972)
e.(Grange et al. 2004)
f. (Saltz 2002)
g. (Laws and Clough 1965)
h. (Laws 1968)
i. (Laws 1966)
j. (Armbruster and Lande 1993)

Table 8.2. Comparison of potential sites for future dugong and seagrass habitat research in Australia.
Study site
Hervey Bay Summer
Hinchinbrook
Shark Bay
Shoalwater Bay
Torres Strait

Location
South QLD
North QLD
North WA
Central QLD
North QLD

Urban/Remote
Urban
Urban-remote
Remote
Remote
Remote

Area

Tide range
2

4300km
2
350km
2
13 000km
2
730km
2
31,000 km

Moderate (4 m)
Moderate (4 m)
Low (1.7 m)
Extreme (7m)
High (5 m)

Close to logistical
support?
Yes
Yes
No
No
No

Easily accessible?
Yes
Yes
Yes
No
No
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APPENDIX
Table A1. In addition to the satellite tags and normal boating safety equipment (including first
aid kit, sunblock etc) the following were available during each dugong capture expedition:

• Biopsy sampling kit for DNA collection

•

Sealable plastic bags

• Tape measures

•

Binoculars

• Tool kit, including scissors, pliers,

•

Waterproof tape and cable ties of various

screwdrivers
• Additional ropes and assorted shackles

sizes
•

and clamps
• GPS and depth sounder.

Curved safety knife with a protected inside
edge

•

• Marine radio

Flotation device, e.g. a rubber swimming
pool tube

• Waterproof notepad and pen.

•

Dive fins and mask and snorkel

• Polarised sunglasses

•

Camera

• Waterproof wildlife marker
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Figure A1. Circular histograms of the bearings of the movements of the dugong (‘Wunai’) in the Clairview
inshore/intertidal habitat stratified across the tidal cycle. LT = Low-tide, INT = intermediate-tide and HT =
High-tide. The parallel line indicates the approximate angle of the coastline.

Figure A2. Circular histograms of the bearings of the movements of the dugong (‘Wunai’) in the Clairview
inshore/intertidal habitat stratified across the diel cycle. The parallel line indicates the approximate angle of
the coastline.
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Figure A3. Circular histograms of the bearings of the movements of the dugong (‘Yuangan’) in the Fork
Bank offshore/subtidal habitat stratified across the tidal cycle. LT = Low-tide, INT = intermediate-tide and
HT = High-tide.

Figure A4. Circular histograms of the bearings of the movements of the dugong (‘Yuangan’) in the Fork
Bank offshore/subtidal habitat stratified across the diel cycle.
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Figure A5. Circular histograms of the bearings of the movements of the dugong (‘Gulawa’) in the Point
Vernon offshore/subtidal habitat stratified across the tidal cycle. LT = Low-tide, INT = intermediate-tide
and HT = High-tide.

Figure A6. Circular histograms of the bearings of the movements of the dugong (‘Gulawa’) in the Point
Vernon offshore/subtidal habitat stratified across the diel cycle.
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Figure A7. Circular histograms of the bearings of the movements of the dugong (‘Yarrilee’) in the
Woodgate offshore/subtidal habitat stratified across the tidal cycle. LT = Low-tide, INT = intermediate-tide
and HT = High-tide.

Figure A8. Circular histograms of the bearings of the movements of the dugong (‘Yarrilee’) in the
Woodgate offshore/subtidal habitat stratified across the diel cycle.
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