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Foreword

The work summarised in this report was made possible through the support of the Gas Industry Social and
Economic Research Alliance (GISERA). GISERA focuses on public good science related to all facets of the
effects of natural gas development inregional areas of Australia. GISERA goes beyond the boundaries of
permits held by any one developer and seeksto provide a whole-of-industry focus, using a multi-developer
approach to research the impacts of the industry. This is crucial to providing a coherent conduit for
knowledge that can inform future regulation and monitoring of natural gas developmentsaround Australia.

GISERA Marine environment research program aimsto understand vulnerable components of the marine
ecosystem surrounding Gladstone with a view to providing tools and information that can be used to
minimise impacts. To do this the GISERA marine environment program has undertaken researchinto the
key areas of water quality and optical properties, seagrass habitat distribution, turtle habitat use and
numerical modelling of seagrass growth. The program bringstogether strands of work essential to building
an integrated picture of how major ecosystem processes function in order to begin to provide predictive
tools for better understanding and managing the marine habitats and iconic species of Gladstone Harbour.

Current members of GISERA are CSIRO, Australia Pacific LNG and QGC.
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Executive summary

The overarching goal of the GISERA marine environmental research program hasbeen to make possible
more accurate prediction and understanding ofimpactsand trends in water quality as well as ecological
responsesin primary producers (seagrass) and grazers (turtles) that have been assessed as being vulnerable
due to expansion of development in the Port of Gladstone. In doing this is has also been the aim of the
GISERA marine research program to develop tools that can be used to determine management optionsthat
may lead to the reduction of impacts on these key ecological assets in the future, well beyond the Port
Curtis and the current phase of development.

The GISERA Marine project has made significant progress in integrating environmental and ecological
knowledge and towards providing tools, notably are-locatable seagrass growth model, and aturtle
shipping-risk assessment model, that provide for a synoptic picture of conditions within the harbour aswell
as risks to its key ecological elements. The two major sub-componentsin the project, 1) Sustaining turtles,
dugongs and their habitat — an integrated marine observation system, and 2) Integrated modelling, are
presented in five chapters, starting with observations of the biophysical properties of the water column
(Chapter |) and seagrasses (Chapter Il) that are brought together in a biogeochemical model of seagrass
growth (Chapter I11), moving up the food web to studies of turtle movements (Chapter IV)and modelling of
turtle habitat use andrisk from shipping (Chapter V).

The optical data detailed in Chapter | has been vitally important for the development and validation of
modelling of coastal watersin Gladstone Harbour, as well as more widely. The data provides confidence in
both the use of GISERA optical samples for terrestrially-sourced fine sediment parameterisationin the
optical model, as well as in the calculations for converting total suspended solids to remotely-sensed
reflectance. The improved confidence in the performance of the model in terms of water column optical
properties also means increased confidence in the performance of the model for predicting benthic
processes such as seagrassgrowth.

Seagrasscover and biomass (Chapter Il) was low in most areas as expected, confirming the results of other
studies which have documented declines in the regionsince 2010-2011. The exception to this was Pelican
Banks where cover of Zosterareached as high at 70%. Seagrass biomass estimates were pivotal to the
parameterization of the seagrass growth model and surveys of maximum depth range throughout the
harbour provide strong validation of the seagrass growth model and indicate that maximum depth of
seagrass beds corresponded to approximately 13% of surface irradiation which was similar tothe levels
shown to be required to sustain seagrass growth. The actual depth of this point varied throughout the
harbour according to water quality.

Biogeochemical modelling of seagrass growth has developed efficient new algorithms for the growth of
seagrasses that take into account self-shading effectsand competition between seagrasses (Chapterlll). In
Gladstone Harbour, the model was able to produce results that closely reflected the observed values for
seagrass depth range and distribution. The model includes two seagrasses, Zostera and Halophila, and also
reflects well the historical distribution of seagrass throughout the harbour. The model has provided an
invaluable platform for the development of operational modelling of water quality and seagrass growthin
Gladstone Harbour as part of the Gladstone Healthy Harbours Program. Innovations developedinthe
GISERA seagrass model will also provide a basis for predicting the effects of future impacts on the harbour’s
natural assets. The model will also have a broader impact through adoption of these innovations into other
ecological modelsin the region.

The iconic fauna of Gladstone Harbour depend on its continued healthin terms of water quality and the
presence of primary producers such as seagrasses, algae and mangroves. The GISERA tagging program has
proven that acoustic tagging and tracking of turtlesand dugong is a viable, economical and accurate means
of tracking animal behaviour (Chapter IV). It has also shown how turtles use varying components of the
harbour’s primary producer habitats, depending on the availability of these habitats in any given area. In
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areaswhere seagrasses dominate turtles used themas a primary food source but in areas with little
seagrass, such as Wiggins Island, they used other foods such as algae and mangroves. Turtles moved into
shallower areas, generally with more food, during high tide, and shifted into slightly deeper waterson the
edge of channels at low tide. While many turtles had small home rangesand were resident for all or most
of the study, an unusually high proportion left the harbour study areas, for unknown reasons.

Modelling of turtle habitat use (Chapter V) throughout the harbour and the mapping of shipping usage
patternsfrom larger commercial vessels indicated that because most turtle habitat and turtle home range
usage is in shallow water, risk from commercial shipping and most passenger ferries may be relatively low.
However, improving on this preliminary result and obtaining more accurate assessments of overall risk to
turtles will depend on improved information on the overall abundance and distribution of turtles in the
harbour as well as an understanding of patterns of smaller vessel usage of the harbour since these may
make greater use of shallow water frequented by turtles.
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1 Introduction

Coastal environments are impacted by multiple naturaland anthropogenic forcing including river
runoff, tidal surges, phytoplankton blooms and agriculture, industrialand recreational activities.
Resource management of such environments is best achieved by combining in situ sampling of bio-
optical and biogeochemical parameters, which are spatially and temporally limited, with satellite
retrieved estimates of the same parameters, which are spatially broader and temporally more
frequent. However, while remotely sensed satellite data provides a large data set, it has been
demonstrated that standard global algorithms are inaccurate in near-shore coastal waters
(Schroeder et al. 2012).

Light availability is one of the basic requirements for the development and sustainability of
phytoplankton within the water column as well as plants on the seabed, andis determined by the
optical properties of the dissolved and particulate components within the water column. High levels
of particulate and dissolved organic matterin the water columnscatter and absorb light which
affects both benthic and pelagic photosynthesis and hence primary production. The absorptionand
scattering properties of the water column will also determine what percentage of incident irradiance
is reflected back from the water columnto a satellite sensor. Often the absorption and scattering
properties of coastal waters can be dominated by high sediment loadings or by high concentrations
of Coloured Dissolved Organic Matter (CDOM) that will affect the accuracy of satellite-retrieval of
chlorophyll-a, anindicator of phytoplankton biomass. The in situ samples can provide data for the
development of robust regional algorithms which when employed increasesthe accuracy of
retrieved estimates of parameters. Ultimately they will also be incorporated in other studies beyond
GISERA, such as the development of regional satellite (remote sensing) algorithms.

Biogeochemical models can be used to predict the distribution and concentration of biogeochemical
parameters under different scenarios. These models also rely on both the in situ and satellite-
retrieved samples to parameterise the light level throughout the water column, and at the bottom.
The models then use these predictions of light to drive photosynthetic processes in phytoplankton
and aquatic vegetationsuch as seagrass.

Gladstone Harbour is a natural deep water harbour that ishome to the largest bulk commodity port
in Queensland and the sixth largest in Australia. The port exports agriculture products, coal, bauxite
and liquefied natural gas (LNG) with coal being the major export (>70%). As a large industrial port,
Gladstone is also subject to sediment re-suspension caused by capital dredging operations,
maintenance dredging and the passage of shipping. In addition to the working port area, Gladstone
Harbour, below the low water mark, iswithin the Great Barrier Reef World Heritage Area and has in
recent years been impacted by significant weather events— the December 2010/January 2011
Queensland floods (Coles et al 2014, Maxwell et al. 2014). Environmental disturbances of various
kinds (both natural and anthropogenic) can significantly impact the optical properties of the harbour
on varying spatial and temporal scales.

The optical properties reported in this study are critical to the development and improvement of
biogeochemical models of the waters of Gladstone Harbour and to the understanding of
biogeochemical processes throughout both the pelagic and benthic environments within Gladstone
Harbour. Seagrasses are critically dependent on the level of light transmission through the water
column (Abal and Dennison 1996, Chartrand Collier et al 2012, Pederson et al. 2012, Collier et al
2012) therefore it is essential for such models to accurately capture processes of sediment
resuspension and water column productivity.
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2 Methods

2.1 Sample sites and data collection

Two optics field campaigns where undertaken; the first in 2012 had 34 site locations (Figure 1a), and
the secondin 2013 had 43 site locations which included a repeat of the sites sampled during the first
campaign plus some additional offshore sites (Figure 1b). At all stations during both campaigns, an
instrument package comprising a WETLabs ac-s, WQM, and WETStar CDOM fluorometer in vertical
profiling mode was deployed. A YSI model 6600 water quality probe was deployed simultaneously
with the instrument package for comparison. Anac-s with a 10 cm pathlength was used for in situ
profiling of hyperspectral attenuation and absorption coefficients of total material, (dissolved plus
particulate,) between 400 and 730 nm, with a 4 nm resolution. Correction for in situ temperature
and salinity effects on the optical properties of water wasapplied (Sullivan et al. 2006). Correction
forincomplete recovery of the scattered light in the ac-s absorption tube was performed using the
proportional method (Zaneveld et al. 1994). The raw voltage from the WETStar CDOM fluorometer
was converted to quinine sulfate units using the calibration coefficients provided by the
manufacturer.

Simultaneously withthe in situ vertical profiling of the water column, discrete sampleswere
collected in the surface layer for the analysis of pigment concentration and composition, particulate
and dissolved absorption and total suspended matter (TSM) concentration. The discrete water
samples were stored in clear HDPE carboys and stored in the cool and dark until filtration back at the
laboratory (approximately 6 hours after collection). Secchi disk readingswere also obtained.

2.2 Secchi depth

The secchi depth was measured as the depth in the water column when the Secchi disk (30 cm in
diameter disk painted alternately black and white) is no longer visible.

2.3 Total Suspended Matter

Between0.5— 2.0 litres of sample water wasfiltered through a pre-ashed and pre-weighed 47 mm
glass fibre filter (Whatman GF/F), under subdued lighting. The filter was washed with approximately
50 mL Milli-Qwater to remove any salt in the filter. The filters were stored flat in petrislides
(Millipore) at 4°C until analysis. Inthe laboratory eachfilter was transferred toa glass petri dish and
dried to constant weight at 60°C to determine the total TSM weight. The filters were then placed in
a muffle furnace and the furnace was programmedto reach a temperature of 450°Cfor 3 hours.
Once the filters had cooled they were weighed to determine the amount of inorganic material
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remaining on the filter. By subtraction from the total TSM an estimate of the organic fraction can be
obtained.

2.4 Pigment analysis

One to two litres of sample water was filtered through a 25 mm glass fibre filter (Whatman GF/F)
under subdued lighting, and the filter was then stored in liquid nitrogen until analysis. Pigments
were extracted and analysed using the method described in Clementson (2013).

2.5 Particulate and detrital absorption

One litre of sample water was filtered through a 25 mm glass fibre filter (Whatman GF/F), under
subdued lighting, and then stored flat in liquid nitrogen until analysis. Optical density (OD) spectra
for total particulate and detrital matter were obtained using a Cintra 404 UV/VIS dual beam
spectrophotometer equipped with integrating sphere. The OD spectrum of the phytoplankton
pigment was obtained as the difference between the OD of the total particulate and detrital
components. The OD scans were converted to absorption spectra by first normalising the scans to
zero at 750 nm and then correcting for the path length amplification using the coefficients of
Mitchell (1990).
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Figure 1 Site locations for the 2012 optics field campaign (a) and the 2013 optics field campaign (b). See
Appendix A for more detail.

2.6 CDOM absorption

Samples for Coloured Dissolved Organic Matter (CDOM)analysis were filtered through a 0.2 um

polycarbonate filter (Millipore) and stored at 4°C, in clean acid washed glass bottles, until analysis
within 48 hours. Samples were allowed to equilibrate to room temperaturein the dark before the
CDOM absorbance was measured in a 10 cm path length quartz cell, from 200-900 nm, using the
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normal cell compartment of the Cintra 404 UV/VIS spectrophotometer, with Milli-qg waterasa
reference. Between sample scans, the reference cell was removed from the spectrophotometer and
placed in a room temperature water bathtoreduce temperature effects in the scans. The CDOM
absorption co-efficient (m™) was calculated using Equation 1.

acoom =2.3(a(A)/1) Eqg. 1

where a(A) is the absorbance (normalised to zero at 680 nm) and | is the cell path length in meters.

26.1 CURVE FITTING

An exponential function was fitted to all CDOM and detritus spectra over the wavelength range 350
to 750 nm (Equation 2). A non-linear least-squares technique was used to fit Equation 2 to the
untransformed data.

a(A) = agss0).exp(-S(A-350)) + b Eq. 2

The inclusion of an offset b allows for any baseline correction. In some samples, particularly samples
containing cyanobacterial pigments, pigment extraction wasincomplete, leaving small residual
peaks in detritus spectra at the principal chlorophyll absorption bands. To avoid distorting the fitted
detritus spectra, data at these wavelengths were omitted when all spectra were fitted. Alinear
approximation was used to derive standard errors or the fitted parametersa(A), slope S and offset b.

Total particulate spectra were smoothed using a running box-car filter with width 10 nm, and the
fitted detritus spectra subtracted. Subtracting fitted detritus spectra minimised any artefactsdue to
incomplete extraction of pigments. The resulting phytoplankton spectra were base-corrected by
subtracting absorption at 750 nm to obtain apn(A).

2.6.2 TRUE COLOUR

A Wetlabs ac-s was deployed in Gladstone Harbour at the same time as the HPLC samples were
taken. The ac-s measures spectrally-resolved absorption, a; and beam attenuation, ¢, from which
we calculate total scattering, bx= ci - a;. The ratio of backscattering toattenuation, u;, is then
calculated by:

vb
a+yb

where y = 0.025is the backscattering coefficient of particlesand takesa value at 555 nm between
0.001-0.05 for north-eastern Australian river plumes (Blondeau-Patissier et al. 2009).
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True colour images use intensity in the red, greenand blue wavebands. We use u at the MODIS
bands 1 (645 nm), 3 (555 nm) and 4 (470 nm), with brightness adjusted by linearly mapping in water
surface reflectance at each wavelength from [0 30 60 120 190 255]/255 onto [0 110 160 210 240
255]/255, producing a quasi-true colour (Gumley et al. 2010). These true colour huesare used in
plotting toaid in identification of water types.

Laterin the analysis we endeavour to relate in situ total suspended solids to surface reflectance. The
in situ surface reflectance, rrisgiven by:

_ 2
Trsa=goUat g1

where go=0.0949 and g1 =0.0794 are empirical constants for the nadir-view in oceanic waters
(Gordon et al. 1988; Brando et al. 2012), and these constants result in a change of units from the
unitless u to a per unit of solid angle, sr™*, quantity risx. The above-surface reflectance, through
rearranging Lee et al. (2002), is given by:

0.52 rrs,/l

Rygj=—
TAT10 = 1.7 1y
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3 Results and Discussion

3.1 Hydrodynamic conditions
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Figure 2 Tidal variation andriver discharge during optics sampling periods. (a) Surface elevation near site
PBMT1 (northern entrance) in November 2012 (left) and September 2013 (right); (b) Surface elevation near
site DCT2 (the Narrows)in November 2012 (left) and September 2013 (right) and (c) Calliope River discharge
during November 2012 (left) and September 2013 (right). River discharge was obtained through the eReefs
project, surface elevation from the GISERA hydrodynamic model hindcast.
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The change in surface elevation and river flow during the period of the observations are shown in
Figure 2. Both sets of observations at site PBMT1 (northern entrance; Figure 2a) began under neap
tides that occurred on the 21 November 2012 and 13 September 2013. However the 2013 sampling
period was one day longer, and occurred during a period of greater tidal amplitudes at the following
spring tide. The tidalrange at site DCT2 in the Narrows (Figure 2b) is similar, but reaches a maximum
range of over 5 m.

The flow from the Calliope River (Figure 2c) was low during both observation periods.

3.2 Secchidepth andtotal suspended matter

To compare the biogeochemical and optical parameters within Gladstone Harbour, four sites were
chosen as representative of the general area where they were located; SFT2, inside the southern
entrance to the harbour; PBMT1, inside the northern entrance to the harbour; WIT1, a central
location and DCT2, in the Narrows (Figure 1a and b).

Secchi depth in 2013 was deeper at all sites except DCT2 in the Narrows (Figure 3; Table 3.1) thanit
had been in 2012 and substantially deeper at sites PBMT1and SFT2 inside the northern and
southern entrancesrespectively (SFT2 — 1.1 min 2012 compared to 6.2 m in 2013). It then follows
that the Total Suspended Matter (TSM) was higher at sites WIT1, PBMT1 and SFT2 in 2012 than it
was in 2013 (Figure 3; Table 3.1) with the greatest difference being at the centralsite, WIT1, where
the TSM was approximately 6-7 times greater in 2012 than it was 2013 (37.05mg L™ in 2012 and
5.52mg L™ in 2013). At site DCT2 in the Narrowsthe relationship between Secchi depth and TSM
was the same as at the other sites, hence the TSM at this site was higher in 2013 when the Secchi
depth was shallower (Figure 3; Table 3.1). It could have been expectedthat the largertidal rangein
2013 (Figure 2), would have led to more re-suspension and thus higher TSM values would have been
observed, compared to those in 2012. However the reverse was observed with higher TSM values in
2012 possibly due to dredging activity at the time of the 2012 trip which had finished by the 2013
trip. Variation due to diurnal variation in windsand time of sampling in relation to ebb or flood tides
could also have affected values at individual sites.

During both sampling periods, the composition of the TSM was dominated by the inorganic fraction,
being always greater than 77% at all sites (Figure 3; Table 3.1).
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Table 3.1 Bio-optical parameter measurements at four sites within Gladstone Harbour.

Site code
Parameter DCT2 WIT1 PBMT1 SFT2
(Narrows) (Central) (InsideN. Ent) (InsideS. Ent)
Secchidepth(m)-2012 1.8 0.5 0.7 1.1
Secchi depth (m)-2013 0.5 0.6 5.5 6.2
TSS (mg L’l) —-2012 15.55 81.99 37.05 13.53
TSS (mg LT) —2013 32.78 33.04 5.52 6.19
% Inorg. Fraction— 2012 77 91 88 77
% Inorg. Fraction— 2013 91 87 86 85
% Org. Fraction—2012 23 9 12 23
% Org. Fraction—2013 9 13 14 15
ad(440) (m )-2012 0.38 2.69 1.39 0.39
a4(440) (m™)-2013 1.13 0.91 0.46 0.22
acoom(440) (m?)-2012 0.75 0.34 0.34 0.25
acoom(440) (m™)-2013 0.32 0.28 NR 0.15
apn(440)(m™)-2012 0.11 0.06 0.15 0.12
apn(440)(m™)-2013 <0.0001 0.01 0.02 0.04
Chlorophyll-a (mgm?®)-2012 2.56 2.63 4,75 3.21
Chlorophyll —a (mgm?)-2013 1.25 1.62 1.46 0.81
Dominantalgal species-2012 | Diatoms/ Diatoms/ Diatoms/ Diatoms/
greenalgae green algaenn intedrageaana) gate Gladstoge eeitiad gasgem | 11
Dominantalgal species-2013 | Diatoms/ Diatoms/ Diatoms/ Diatoms/
greenalgae greenalgae greenalgae greenalgae

Truecolour-2012 (top
measured by ac-s, below
photographs of water where
available).

Truecolour-2013 (measured
by ac-s).




3.3 Absorptionproperties

The extent to which the phytoplankton, detrital suspended matter (mineral materialand
heterotrophic microalgae)and the coloured dissolved organic matter (CDOM) absorb the light will
determine what percentage of incident irradiance is available at any one depth.

Absorption (a) is an inherent optical property and therefore the total absorption is the sum of the
absorption of the individual components, phytoplankton, detrital matter and CDOM within the
water column. Total absorption of any water body can be expressed by

a(A) = apn(A) + ad(A) + acoom(A) +aw(l) Eq. 3

where aph, a4, acoom and aw represent absorption due to phytoplankton, detrital matter, CDOM and
water respectively. Values for awwere taken from published results (Pope and Fry 1997), whilst
values for the other absorption coefficients were determined by laboratory analysis (see methods
section).

Values of the absorption coefficients apn, as and acoomwere determined spectrally between 350 and
800 nm; values were selected at 440 nm to compare the relevance of each component tothe total
absorption (Table 3.1). Over both sampling periods, a¢(440) values ranged from 0.22 m™ (SFT2, 2013)
t02.69 m™* (WIT1,2012). As expected aq4(440) values follow the TSM trends and so all sites, except
DCT2 in the Narrows had higher aq4(440) values in 2012 than 2013.

CDOM appears to be relatively constant with many of the acoom(440) values being around 0.3 m™
during both sampling periods (Figure 4, Table 3.1); the two exceptions were 0.15 m™ (SFT2, 2013)

and 0.75 m™ (DCT2, 2012). These values imply that CDOM has less influence than the inorganic or
mineral component of the TSM on the clarity of the water in Gladstone Harbour.
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The apn(440) values are retrieved by the difference betweenthe total particulate and detrital
measurements. In casessuch as Gladstone Harbour where the detrital component is so dominant, it
is hard to accurately retrieve the phytoplankton component. However the very low apn(440) values
atall sites (Table 3.1) does reflect the situation that due to the high TSM component and hence
often shallow Secchi depth, light penetration will be shallow and consequently phytoplankton
growth will be low.

3.4 Phytoplanktoncommunity compositionand biomass as
determined by pigment analysis

Pigment analysis is used to estimate algal community composition and concentration. Pigments
which relate specifically to an algal class are termed marker or diagnostic pigments (Jeffrey and Vesk
1997; Jeffrey and Wright 2006). Some of these diagnostic pigmentsare found exclusively in one algal
class (e.g. prasinoxanthin in prasinophytes), while othersare the principal pigments of one class, but
are also foundin other classes (e.g. fucoxanthin in diatoms and some haptophytes; 19'-
butanoyloxyfucoxanthin in chrysophytes and some haptophytes). The presence or absence of these
diagnostic pigments can provide a simple guide to the composition of a phytoplankton community,
including identifying classes of small flagellatesthat cannot be determined by light microscopy
techniques. Inthis report we have based the description of the phytoplankton community
composition onthe pigments/algal groups listedin Table 2.

Both biomassand composition are represented in Figure 5 (see also Table 3.1); biomassis
represented by the radius of the circle and the composition by the different colouredslices of the
circle. Biomass was higher at all sites in 2012 compared to 2013, ranging from 1.62 times higher at
WIT1to 4 times higher at SFT2. The higher biomassin 2012 would have resulted from the lower TSM
values and deeper Secchi depths recorded during this sampling period. However DCT2in the
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Narrows which had showed reverse trends in both TSM and Secchi depth to the other sites (i.e.
lower TSM values and deeper Secchi depths in 2013) also had more biomass in 2012. During both
sampling periods, the phytoplankton community composition, as indicated by the pigment
composition, was dominated primarily by diatoms (fucoxanthin), but forms of greenalgae (Chl-b,
prasinoxanthin) were also present.

Table 3.2 Biomarker pigments and the algal groups theyrepresent.

Pigment name Abbreviation Algal group
Peridinin Perid Dinoflagellates
19’-butanoyloxyfucoxanthin But-fuco Chrysophytes
Fucoxanthin Fuco Diatoms
19’-hexanoyloxyfucoxanthin Hex-fuco Haptophytes
Prasinoxanthin Pras Prasinophytes
Alloxanthin Allo Cryptophytes
Zeaxanthin Zea Cyanophytes
Chlorophyllb Chlb Green algal groups
Divinyl chlorophyll a DVchla Prochlorophytes

During the 2013 sampling period sites outside of Gladstone Harbour (SCD1, OF1 and OF2) (Figure 1b)
were sampled and the phytoplankton composition at these sites was dominated by cyanobacteria
(zeaxanthin). Within the harbour the size class of phytoplankton would be nano (2-20 um) to
microplankton (>20 um), whilst outside the harbour the sites are more influenced by Coral Sea water
moving on to the shelf and are dominated by the smallest size class — picoplankton (<2 pum).
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Figure 5 The pigment compositionfor surface water samples, 20-25 November 2012 (left) and 13-19
September 2013 (right). The radius of the pie quantifies total Chla concentration, and the slice area gives
the relative concentration of the accessory pigments. Pigments are: Chl c3 (chlorophyll-c3); Chl 2
(chlorophyli-c2); Chl c1 (chlorophyll-c1); But-fuco (19'-butanoyloxyfucoxanthin); Fuco (fucoxanthin); Neo
(neoxanthin); Pras (prasinoxanthin); Viola (violaxanthin); Hex-fuco (19'-hexanoyloxyfucoxanthin); Diadino
(diadinoxanthin); Allo (alloxanthin); Zea (zeaxanthin); Lut (lutein); Diato (diatoxanthin); Chl b (chlorophyll-

b); Astax (astaxanthin); Perid (peridinin).
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3.5 Spectrally-resolved absorption and scattering

The ac-s measures absorption, a, and attenuation, ¢, from which total scattering can be determined.
In November 2012, total attenuationat 400 nm reached a maximum of almost 60 m™ at site COM1
and WIT1 (central harbour). This extreme attenuation was due mostly to scattering with absorption
being 1-2 orders of magnitude lower. The colour of these watersis brown (colouring in Figure 6),
illustrating that resuspended inorganic fine sediment was primarily responsible for the optical
properties at WIT1. Sites with greater marine influences, such as SFT1-4 (inside southern entrance)
had lower total scattering. Asa result absorption played a greater role, and the water colour at these
sites appeared ‘greener’.

The September 2013 observations were similar to those of November 2012, although a few
observations were closer to those expected for marine waters, which resulted in less scattering in
some sites with greenish coloured waters.

The observations at sites shown in Figure 6 and Figure 7 have been replotted, using the true
colouring, on a map of Gladstone Harbour (Figure 8). The more pronounced differences in water
colour were evident in September 2013 as a result of a stronger tidal differences in which caused a
greater change in scattering.
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Figure 6 Inherent optical properties at sample sites on 20-25 November2012. Theline colour isrendered
using the intensity of in situ reflectance at the red (645 nm), green (555 nm), and blue (470 nm) given by
0.03 b,/ (ax+0.03 b;), and scaled using the MODIS true colour brightening. Black lines were excludeddue to

poor data. The site labellingis orderedin time, from the first sample collected during neaptides at the top,
tothe last sample collectedat springtides on the bottom.
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Figure 8 True colour of samples sites 20-25 November 2012 (left) and 13-19 September 2013 (right). The
marker colour rendered is the same as the line colour in Figure 6 and Figure 7, based on reflectance
calculations and MODIS true colour brightening.

3.6 Applications of optical observations for numerical modelling.

The optical data detailedinthis report are important for the modelling of coastal watersin boththe
modelling component of the GISERA project. Specifically, the observationsat WIT1 in November
2012 have been used as an end-member for the optical parameterisation of the mass-specific
absorption and total scattering coefficients of fine sediments. Superimposing the observations on a
reflectance vs. total suspended matter (TSM) plot (Figure 9) shows that for a given TSM
concentration, the observations lie close to a global relationship (Miller and McKee 2004), as well as
a local relationship found for Gladstone Harbour (C. Petus pers. comm.), with site WIT1 (black circle)
being close to both relationships. This result provides confidence in both the use of WIT1 as an end-
member for terrestrial-sourced fine sedimentsin the optical model parameterisation, aswell as the
calculations for converting anin situ ratio of backscattering over absorption plus backscattering, u,
to a remotely-sensed reflectance, R,s (Equationsin Section 2.4.2).
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Figure 9 Comparison of reflectance calculated at a range of concentrations of total suspended matter and
algorithms usedto infer TSMfrom reflectance at the global scale (Miller and McKee 2004) and for Gladstone
Harbour (C Petus pers.comm.). The black circle is centred on the data point used (WIT1, November2012)
that was used as an end-member for the optical model parameterisation of suspended inorganic sediments.

The spectrally-resolved optical model, in collaboration with eReefs, has been criticalin developing
surface reflectance as a model output. This allows direct comparison of model output with remotely-
sensed observations, as well as the use of sophisticated data assimilation of remotely-sensed
observations.

The spectrally-resolved optical model allows a synoptic analysis of coastal water quality during
periods when remotely-sensed observations are not possible, for example during extreme weather
events (Figure 10). The production of simulated true colour images, showing the impacts of
sediments, CDOM, bottom reflectance and phytoplanktonin one image, is only possible with the
calculation of surface reflectancein the red, green, and blue bands, a modelinnovation developedin
partin this project.

The improved confidence in the performance of the model in terms of water column optical
properties also means increased confidence in the performance of the model for predicting benthic
processes such as seagrassgrowth (Chapter Iil).
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Figure 10 Gladstone Harbour model outputs of water column simulated true colour January (top) and
November (bottom) 2011. Simulatedtrue colour is calculated based combining the surface reflectance in the
red, green and blue bands. The most significant difference betweenthe two imagesis the greater CDOM
absorption in January comparedto November.

3.7 Summary

These results indicate that the variation in optical properties between the sampling periods of
November 2012 and September 2013 was less than the variation in space during each sampling
period. Some of this spatial variability will be confounded by the time it took to do the sampling
(approx. 1 week), nonetheless, the September 2013 sampling was generally undertaken during
stronger tidal action, and this is reflected in the mean optical properties.
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During both field campaigns, the dominant component of the totalabsorption was the detrital or
non-algal component, being greater than 70% of total absorption in the centralregion of the
harbour. This component was greater than 77% inorganic material at all sites. CDOM was also a
significant contributor to the totalabsorption coefficient and, because of the high particulate and
CDOM loadings, light penetration in the water column was low resulting in low phytoplankton
biomass. Diatomswere the dominant algal group at all sites within the harbour. Interestingly,
although the September 2013 results showed lower particulate and CDOM loadings than the
November 2012 results, the phytoplankton biomass, as indicated by chl-a is lower in 2013. This is
likely due to the time of year; the September 2013 samples were probably collected prior to the
spring bloom while the November 2012 samples were collected during a late spring bloom.

These two sets of data are snapshotsin time of the variability in optical parameterswithin and
around Gladstone Harbour. Models developed using these data together with satellite remote
sensing estimates of parameters will extend our knowledge of Gladstone Harbour on larger spatial
and more frequent temporal scales.

The observations of water quality parameters provided here constitute a key step for GISERA in
developing a verifiable biogeochemical model of Gladstone Harbour. They can be used for
validation purposes in their own right, but more importantly they form the link between modelling,
point observations made in the field, and synoptic broad scale observations of water quality
parameters provided by remote sensing platforms. Water qualityin turn is a key factor influencing
seagrass growth, therefore these observations are integral tothe broader goals of GISERAin
developing a reliable seagrass growth model for Gladstone Harbour.
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1 Introduction

Seagrasses dominate many of the inter-reef, soft-bottom and nearshore habitats of the Great Barrier
Reef (GBR) regionand are often particularly conspicuous in semi-protected embayments of the
Queensland coast (Coles et al 2014). These areasare important for a variety of reasonsincluding
their value to fisheries (both commercial and recreational), as nursery areas, as for the fact that they
support a range of iconic megafauna such as dugong, turtles and dolphins (Stoecklet al.2011).
Seagrass ecosystems are increasingly recognised both globally and within Australia (Coles et al.
2014) for their economic value (Costanza et al. 2014), their productivity (Rasheed et al. 2008a) and
their role as carbon sinks (Macreadie et al. 2014). Seagrasses are an important food source for
threatened species such as turtle and dugong (Valentine and Duffy 2006).

Seagrasscommunities face an array of threatsdue to human activities ranging from coastal
development toclimate change that are occurring at an unrelenting pace in coastal ecosystems
globally (Orth et al. 2006). The seagrass beds of the GBR region are not immune to these pressures,
and despite implementation of a range of management measures to protect seagrasses in GBR
coastal areas there have been declinesin seagrass cover across a range of habitats (Coles et al.
2014). A wide range of threatening processes are implicated in these declines however the most
precipitous decline in seagrasses since 2006 has been linked to extreme weather events (flooding
and cyclones) which are likely to have acted synergistically with other long term changesin coastal
sediment loadsand water quality (Coles et al. 2014). Analysis of expert assessments of threatening
processes for seagrasses globally found that, in the Indo-Pacific (including the GBR), port and
infrastructure development was considered to have the highest impact, followed by agricultural
runoff, trawling and dredging (Grech et al 2012). Onthe GBR, runoff from various sourcesis thought
to be generally more important than direct coastal development and dredging (Grech et al. 2011),
however it was acknowledged that in port areasthis ranking was likelyto be reversed.

Given the growing threatsto seagrasses, and their continued decline, it is essential that managers
are provided with up to date information on the status of seagrass beds as well as improved
understanding of the environmental requirements of seagrass. In this regard Queensland and the
Great Barrier Reef World Heritage Area (GBRWHA) are fortunate in that several long term
monitoring programs for seagrass do exist (McKenzie et al. 2000, 2001, 2014; Rasheed and Unsworth
2011) and the areas monitored include the Gladstone region (Bryant and Rasheed 2013; Bryant et al.
2013), site of the most recent and largest port infrastructure upgrade on the east coast of
Queensland, and focus of the current GISERA Marine project.

Managing the coastal environmental assets of the greater Gladstone Port and Port Curtis presents
considerable challengesgiven that it is adjacent to the GRBWHA, including the Rodds Bay Dugong
Sanctuaryon its southernborder, andis one of Australia’s busiest industrial ports. Despite this fact,
the region has until recently held very extensive seagrass beds (Bryant et al. 2013), as well as
populations of dugong and turtles. Although flatback turtles have major nesting areas on the eastern
beaches of islands such as Curtis and Facing Islands in Port Curtis, greenturtlesare the most
common speciesin the harbour (Limpus et al. 2013), feeding on seagrass, macroalgaeand
mangroves. Green turtlesalso comprised the majority of turtles stranded in Port Curtis including
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during 2011, which was a year of severe flooding on the Queensland coast, when there was a spike
in the number of strandings recorded (Limpus et al. 2012; Meager and Limpus 2012). Many of the
turtles stranded at this time had poor body condition (Limpus et al. 2012), indicating a likely
reduction in available food. Large declines in seagrass biomass were also recorded in Port Curtis at
this time (Bryant and Rasheed 2013) as well as at Rodds Bay (suggesting that declines in seagrass
wererelated to weather events rather than port related activities).

Monitoring, predicting and managing the impacts of water quality and its interactions with key
ecosystem components such as seagrasses and corals, as well as with higher trophic level members
of coastal ecosystems, will increasingly rely on modelling such as the Gladstone seagrass model
(Chapter Ill) and eReefs, that canintegrate large amounts of data over significant areas, suchasthe
GBRWHA (Schiller et al. 2014). One benefit of such modelsis that they make large amounts of data
much more easily interpretable and accessible but underpinning this they rely on monitoring and
other data for validation and calibration, which ensuresthe validity of model predictions and
scenarios. Currently models such as eReefs are predominantly physical models but increasingly they
will be able to incorporate biological aswell as physical and chemical processes, similarto the
GISERA Gladstone seagrass model. GISERA Marine seagrass modelling has made significant
contributions to the development of such modelling in eReefs allowing simulations and predictions
of seagrassresponsesto altered water quality. Models of seagrass growth also have terms for
grazing/mortality (Chapter I11), consequently information on the distribution of higher level
organisms can also be linked to seagrass growth. Conversely the distribution of seagrass will also
influence factors such as the habitat use and home range size of grazing animals such as turtles and
dugong.

The seagrass component of GISERA Marine was designed to complement existing seagrass
monitoring of the cover, biomass and extent of seagrass beds conducted through the Western Basin
Project and as part of the Gladstone Port’s long term seagrass monitoring objectives. Seagrass depth
range has been foundto be a sensitive indicator of water quality parameters such as light
attenuation coefficient, total suspended solids, chlorophyll a, total Kjeldahl nitrogen (Abal and
Dennison 1996) and our observations specifically focused on measurements to determine the
maximum depth of the seagrassbed margin at known seagrass beds in Port Curtisand Rodds Bay.
These observations, conducted in 2012 and 2013, were designed to help parameterise the seagrass
growth model (Chapter Il1) ensuring a realistic depiction of potential seagrass growthin Port Curtis. A
more detailed survey of Pelican Banks was conducted in 2014 in order to map seagrass cover and
biomass in relationto the distribution and habitat use of the tagged greenturtle population on the
banks, so that we might better correlate turtle habitat use and seagrassdistribution.
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2 Methods

2.1 Seagrass depth-rangesampling2012 & 2013

2.1.1 YEAR1:20-27 NOVEMBER 2012
Sites

Based on the locations of seagrass beds described in previous studies we established 25 sampling
sites in Gladstone Harbour (Table 2.1, Figure 11). These sites were classified according to their
location within the harbour: “inner”, “mid” and “lower” harbour. Sites generally consisted of a
transect that crossed the boundary of the seagrassbed’s historical extent (Thomas et al. 2010) with
samples being takenat 0.1m depth intervals along each transect.

Physical variables recorded

The following information and parameterswere recorded at every site:

- Latitude and longitude

- Time

- Depth

- Conductivity and Temperature at the surface and on the bottom, using a Hydrolab Quanta
meter

- pH

- Secchi disc depth

Additional physical and optical variables were also collected during the same research trip from

another vessel (Chapterl). Inthis section we report the results of the depth profiles collected at

Pelican Banks North using a YSI 6-Series Multiparameter Sonde (Model 6600 V2), recording the

following additional parameters:

- Photosynthetically Active Radiation (PAR1and PAR2)

- Turbidity

- Chlorophyll a

- Blue green algae

- Dissolved oxygen (%)

Depths were adjusted for tide height according to the date and time of the day (rounded to the
nearest hour) and are reported as height above datum (Ht, m).

Seagrass biomass

Seagrass biomass wassampled from the RV Julius at 22 of the 25 sites (Figure 11)
The samples were collected using 2 different quantitative methods:

(i) A van Veen grab: the grabsampled an area of 0.034 m? and 7 replicates were taken per
site, and
(ii) A corer: the corer was 15 cm in diameter covering anarea of 0.01767 m>. Seven

replicates were taken per site.
Eachreplicate wasbaggedand labelled separately, and taken back to the lab for sorting.
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Table 2.1 Details of the 26 sites sampledfor seagrass in November 2012 with an indication of theirlocation
within the harbourand the type of sampling carried out. Notes: B =biomass sampling, DR=depth range
sampling, T/C = temperature and conductivity, + =sampled, - = not sampled.

Site name Latitude Longitude t‘;i‘;gg: in DR  Secchi T/C
Black Swan (BS) -23.6755 151.1273 Inner + - + +
Redcliffe (RC1) -23.70218 151.13666 Inner + + + +
Redcliffe new (RCnew) -23.70093 151.13331  Inner - + + +
Duff Creek (DC1) -23.7171 151.1591 Inner + + + +
Graham'sCreek (GC1) -23.7233 151.2229 Inner + + + +
Graham'sCreek (GC2) -23.7228 151.2240 Inner - + - -
Fisherman's landing (FL) -23.7442 151.1602 Inner - + + +
Wiggins Island 1 (WI11) -23.81 151.2144 Inner + - + +
Wiggins new (Wlnew) -23.81653  151.20254  Inner - + + +
Compigne Island (Cl) -23.78322 151.26041  Mid - + + +
Pelican Banks North (PBN)  -23.7658 151.303 Mid + + + +
Pelican Banks South (PBS) -23.7904 151.2985 Mid + + + +
Facing Island new (FInew) -23.7905 151.3071 Mid + + + +
North Banks 1 (NB1) -23.80447 151.29253 Mid + - + +
North Banks 2 (NB2) -23.80934 151.29778 Mid + - + +
North Banks 3 (NB3) -23.8121 151.2937 Mid + - + +
Shoal Bay 1 (SB1) -23.82956 151.34348  Lower + - + +
Shoal Bay2 (SB20 -23.82763 151.34468  Lower + - + +
South Trees1 (ST1) -23.8653 151.324 Lower + - + +
South Trees2 (ST2) -23.8695 151.3243 Lower + - + +
Boyne Island 1 (BI1) -23.8755 151.3266 Lower + - + +
Boyne Island 2 (BI2) -23.88639 151.32989  Lower + + + +
Boyne Island 3 (BI3) -23.89398 151.33261  Lower + + + +
Boyne Island 4 (B14) -23.9012 151.3348 Lower + - + +
Boyne Island 6 (BI6) -23.9084 151.3404 Lower + + + +
Seal Rocks (SL) -23.9633 151.4814 Lower + - + +
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Figure 11 Sites sampled for seagrass depth range and biomass in November 2012.
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In the lab, the seagrass samples were sorted according to species and for each species the following
measures were recorded:

(i) Totalabove ground (shoot) and below ground (root) wet weight (g)

(ii) Totalabove ground (shoot) and below ground (root) dry weight (g): this was obtained
by drying the samplesat 70°C overnight

(iii) Number of shoots (No shoots-m™)

(iv) For each species the following leaf measurements were measured using a maximum of

ten shoots selected randomly:

- Leaflength (mm)

- Leaf width (mm)

- Petiole length (where applicable)

Mean biomasses (g. m™) were derived from these measurements for above-ground and below-
ground componentsas well as for wet and dry weights. Mean shoot densities (shoots m?) and mean
leaf surface areaswere calculated for each sample. For Zostera muelleriand Halodule uninervis area
was calculated using leaf length and width, assuming the leaf wasa rectangular shape, while for
Halophila spp. calculations were based on an elliptical shape.

Seagrassdepth ranges

At 12 sites with lower levels of suspended sediment (Table 2.1), the depth range of seagrass was
recorded using a drop camera which was cabled to a power supply and video monitor at the surface.
Thus, at each site the drop camera waslowered at constant distance intervals frominshore to
offshore and the presence or absence of seagrasswas recorded. Figure 12 showsthe depth range
stations sampled at the Boyne Island 6 site.

(20081(‘ earth

w O0m eyealt 3.10km €

Figure 12 An example of the depth range stations viewed with the drop camera atBoyne Island 6, showing
itslocationin Gladstone Harbour.



2.12 YEAR2:12-19 SEPTEMBER 2013; 9 NOVEMBER 2013

Sites

Forty-one sites from 17 areas (Figure 13) were sampled between 12 and 19 September 2013, for a

total of 621 stations (Figure 13, Table 2.2). An additional 63 stations were sampled in Rodds bay on 9
November 2013 (Figure 13, Table 2.2).
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Figure 13 Areas sampled for seagrass depth ranges in September and November 2013

Physical variables recorded

The following information and parameterswere recorded at every site:
- Latitude and longitude
- Time
- Depth
- Secchi disc depth

Depths were adjusted for tide height according to the date and time of the day.

Seagrass depth ranges

At all 41 sites (Table 2.2), the depth range of seagrass wasrecorded using the drop camera. Thus, at
each site the drop camera waslowered at constant distance intervals from inshore to offshore and
the presence or absence of seagrass wasrecorded. At each depthrange transect where seagrasswas
recorded, a Naturaliste dredge (dimensions of the frame of the dredges used: small—0.19m x 0.44
m, large—0.2 m x 0.6 m) wastowed to obtain a seagrass sample for species identification purposes.
Where the water wastoo shallow to use either of the dredges, a shovel was used (dimensions: 0.2 m
x 0.3 m). Eachsample wasbagged and labelled separately and returnedto the lab.
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Table 2.2 Depth range sampling sites, September and November 2013.

Site Latitude Longitude Date - Time No. stations
Black Swan (BS) -23.67676 151.126004 19/09/2013 10:38 16
Redcliffe 1 (RC1) -23.703041 151.134005 19/09/2013 9:46 11
Redcliffe new (RCnew) -23.700897 151.131819 19/09/2013 10:06 9
Duff Creek (DC) -23.716254 151.158668 19/09/2013 9:04 13
Graham's creek 1 (GC1) -23.722755 151.222815 17/09/2013 8:57 7
Graham's creek 2 (GC2) -23.723319 151.222062 17/09/20139:16 10
Graham's creek 3 (GC3) -23.722434 151.224182 17/09/20139:51 6
Graham's creek 4 (GC4) -23.721439 151.226474 17/09/2013 10:11 9
Graham's creek 5 (GC5) -23.723617 151.221383 17/09/2013 10:33 10
Fisherman'slanding (FL) -23.756566 151.152169 19/09/2013 8:09 16
Wiggins Is 1 (WI1) -23.823983 151.201091 17/09/2013 6:48 19
Wiggins Is 2 (WI2) -23.821035 151.185487 19/09/2013 6:47 20
Compigne Is W. 1 (CI1) -23.781864 151.254804 13/09/2013 15:04

Compigne Is W. 2 (CI2) -23.782482 151.25532 13/09/2013 15:39

Compigne Is W. 3 (CI3) -23.783927 151.255126 13/09/2013 15:53 6
Compigne Is W. 4 (Cl4) -23.78529 151.255574 13/09/2013 16:16 6
Compigne Is. E. 5 (CI5) -23.78663 151.26075 17/09/2013 8:45 8
Compigne Is. E. 6 (CI6) -23.782037 151.261236 16/09/2013 11:52 6
Chinaman Hill (CH) -23.79103 151.27838 17/09/20139:43 9
Pelican Banks North 1 (PBN1) -23.766475 151.306889 13/09/2013 11:39 20
Pelican Banks North 4 (PBN4) -23.773865 151.313601 18/09/2013 9:40 24
Pelican Banks North 5 (PBN5) -23.765853 151.315003 18/09/201311:01 19
Pelican Banks South 1 (PBS1) -23.788039 151.299442 16/09/2013 6:30 12
Pelican Banks South 2 (PBS2) -23.785796 151.288067 16/09/20137:13 22
Facingls. New (FInew) -23.787963 151.30412 16/09/2013 8:39 14
Facingls. 2 (FI2) -23.795735 151.300571 18/09/2013 8:20 17
Facing Offshore (FO) -23.82433 151.40392 16/09/2013 8:50 46
North Banks 1 (NB1) -23.804508 151.29085 16/09/2013 10:53 9
North Banks 3 (NB3) -23.810939 151.290419 16/09/2013 9:57 10
North Banks 4 (NB4) -23.813639 151.293776 18/09/2013 7:21 32
South Trees 1 (ST1) -23.865505 151.324014 15/09/20137:29 13
South Trees 2 (ST2) -23.869166 151.326468 15/09/2013 8:32 8
Boyne Is. 1 (BI1) -23.87466 151.327714 15/09/2013 9:02 10
Boyne Is. 2 (BI2) -23.884366 151.329043 15/09/2013 9:52 15
Boyne Is. 2parallell (BI2par) -23.88562 151.329857 15/09/2013 11:05 6
Boyne Is. 3 (BI3) -23.894116 151.332115 15/09/2013 11:22 13
Boyne Is. 4 (Bl4) -23.901439 151.334045 15/09/2013 11:54 13
Boyne Is. 5 (BI5) -23.908566 151.338697 15/09/2013 12:25 14
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Site Latitude Longitude Date - Time No. stations

Seal Rocks (SR) -23.9003 151.3846 15/09/2013 7:39 27
Rodds Bay 1A (RB1 A) -24.061605 151.648347 14/09/2013 12:53 12
Rodds Bay 2A (RB2 A) -24.075824 151.644383 14/09/2013 12:18 9
Rodds Bay 3 (RB3) -24.025832 151.629888 14/09/2013 11:27 13
Rodds Bay 4 (RB4) -24.020661 151.622218 14/09/2013 10:23 17
Rodds Bay 5(RB5) -24.039751 151.604772 14/09/2013 7:54 18
Rodds Bay 6 (RB6) -24.034615 151.573325 14/09/2013 9:05 17
Rodds Bay 7 (RB7) -24.076449 151.658004 9/11/2013 8:57 63

2.2 Seagrass fine-scale distribution 2014

2.2.1 BACKGROUND

The seagrassat the Pelican Banks meadow is approximately 8.6 km? and the Facing Island meadow is
~ 4.4 km? (shapefile of seagrass extent provided by Len McKenzie JCU TropWater;
Gladstone_Composite_Seagrass_Dist_2002_2011.shp). There are two sets of overlaying polygons in
almost every seagrass bed. One of these represents the survey done in 2011 (based on the shapefile
name) while the other overlying polygons (the larger of the two in Figure 14) represent the seagrass
extentin 2002.

Pelican
Banks

A%

750 0 750 1500 2250 3000 m
|  Z=—— O —————  s———

Figure 14 Proposed sites for seagrass sampling at Pelican Banks and west of Facing Island 2014.
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We surveyed the seagrassbeds at Pelican Banks and to the west of Facing Island by photographing a
0.25m? quadrat on the seabed at 346 sites throughout the area. Percentage cover of seagrass, algae
and substrate components were then visually estimated from the photographs.

222 SITE SELECTION

The seagrass shapefile Gladstone_Composite_Seagrass_Dist_2002_2011.shp obtained from Len
McKenzie (JCU TropWater) was used to plan the areal extent of our sampling. The seagrass shapefile
was projected to UTM zone 56 S WGS84 and a series of parallel transect lines 250 m apart were
drawn across the seagrass beds to the west of Facing Island and on Pelican Banks. Nodes were then
added every 100 m along each transect line in QGISusing the QChainage plugin. The nodes were
extracted aspoints and reprojected to geographics (WGS84) before having lat/long in decimal
degrees added to the attribute file. This gave a total of 532 potential sampling sites. The sites were
loaded onto a handheld Garmin GPSMAP72 for use in the field.

223 PHOTOGRAPHY OF SEAGRASS

The large number of planned sites meant that using a diver to photograph the seabed at each site
would be time consuming. For this reason, a remotely operated drop camera was used which could
be easily operatedfrom a small (5 m) inflatable vessel.

A GoPro 3 Black camera in waterproof housing was chosen for this application. This camerais
equipped with WiFi and can be remotely operated using a smartphone. The WiFisignal does not
transmit through water but can be transmitted through coaxial cable. A connection betweena
smartphone and the GoPro was achieved by gluing WiFiantennae to the back of a smartphone
housing and the exterior of the GoPro housing, and connecting the two antennae witha 10 m length
of coaxial cable. This enabled full remote control of the camera. The camera was mounted facing
downin a stainless steel frame fitted witha 0.5 x 0.5 m quadrat (Figure 15).

In the field, at each site the camera frame was lowered to the seabed and a single photograph taken.
The vessel was then moved to the next site.

Figure 15 Cameraframe used to mount GoProcamerafor photography of seagrass
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224 PERCENTAGE COVER OF SEAGRASS

The percentage cover of seagrass (Zostera muelleriand Halophila ovalis), algae, soft coral, hard
coral, mud, sand, gravel and rock were estimated visually by a trained observer. Visual cover
estimates were carried out using digitally generated simulation images of a range of different cover
values (Figure 16). In order to allow cover estimatesto be converted to biomasses, marked areas
were photographed, the percent cover of seagrass estimated using CPCE (Kohler and Gill 2006) and
the marked area sampled using a 150 mm diameter corer. Seagrass biomasses were measured as
described above (Section 2.1.1).

The presence/absence and percentage cover of seagrasses were mapped and a predicted surface of
seagrass percentage cover was generated using the kriging routine of the geostatistical analyst
extension in ArcMap 10.0.
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Figure 16 Seagrass cover calibration images.

2.3 Autonomous Underwater Vehicle

The usefulness of Autonomous Underwater Vehicles (AUVs) for measurement and mapping of
seagrass in Port Curtis was explored as part of the project, using the Starbug-X. The fully aluminium
hull of the Starbug-X AUV is made of two 152 mm diameter tubes fitted with streamlined nose cones
and tail fairings (Figure 17). The completed system measures less than 1 m long and 0.6 m wide with
anin air weight of 26 kg when fully configured with sensors. The system is light enough that it can be
lifted and deployed by one personfrom a very small vessel, and for transport, can be packed into

two smalltransport cases. A small vertical tail houses the GPS unit as well as a radio antenna.
Although Starbug-X was chiefly designed to operate in shallow water from the shore/surface to 50 m
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in depth, an operational depth rating of 100 m increases its reach offshore, and allows for increased
mission planning flexibility; such as surveying of coastalshelf habitats.
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Figure 17 A schematicdesign of the Starbug-X AUV. Notshown are the front and rear hydrodynamic
buoyant fairings and launch/retrieve handles and vertical thrusters.

Unlike autonomous underwater gliders, Starbug-X is actively propelled through the use of thrusters
for increased mission planning flexibility. Each of the five thrusters (Seabotix BTD150) are capable of
providing up to 3 kg of bollard thrust. There are no active control planes, therefore, surge and yaw
control is achieved from the two horizontally mounted thrusters, with roll, pitch and vertical de pth
control achieved from three vertically mounted thrusters. The lateral motion of the AUV is not
actively controlled.

In Starbug a pair of downward facing cameras housed in the starboard nose cone are nominally
separated by 40 mm but can be adjusted with a separation ranging from 30-70 mm. These
downward facing cameras provide the primary imaging information for habitat mapping as well as
vision-based odometry. The camerasare high-definition Point Grey Flea 3 FL3-GE-20S4C-C models,
allowing for improved images of the benthic environment. This provides the capabilityto not only
characterise the seafloor, but also identify benthic species such as seagrass or corals in the images.
The camerasare fitted with 8 mm lenses operated with a fixed f-stop to allow for maximum shutter
speed and better exposure control. Each camera is triggered and synchronised with an external
hardware clock. The use of Gigabit Ethernet allows for imagesto be broadcast through a small
Ethernet switch contained inside the hull. As the entire vision system is connected via Ethernet, it is
possible to view eachvideo stream live when at the surface using either wifi, or by connecting the
external Ethernet port to a computer. If needed, Starbug-X can be tetheredvia a cable to actina
pseudo ROV (Remote Operated Vehicle) mode by streaming imageslive to the surface.
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Figure 18 The Starbug-XAUV returning from amission at Pelican Banks, Port Curtis. A GoPro camerais
mounted on the tail to provide independent horizontal image recording capability.

Primary global position information is provided via a GPS module embedded in the tail of Starbug-X.
The GPS module is activated at the surface to provide corrections to the odometric and dead
reckoning system (Figure 18). In addition to vision-based navigation, a Micro-Strain IMU (3DM-GX3-
25) and pressure sensor (GE NovaSensor NPI-19B-200AV) was also fitted to aid in navigation. Bottom
tracking is achieved using an acoustic altimeter (Tritech PA500) which provides system altitude with
a 1 mm resolution at a distance of 0.1 m from the bottom. This was fed back to the control systemto
allow Starbug-X to maintain a desired altitude forimaging typically around 400-900 mm. A short
range infrared proximity sensor was also fitted to allow for near collision detection with the bottom
in the 0-0.1 m range or to aid in bottom landing manoeuvres. To reduce long-term navigational error
associated with dead reckoning and maintain transect linearity in shallow water, a surface towed
GPS was integrated into the navigation system.

The system was powered by a two 30Ah rechargeable lithium ion battery packs connected in parallel
providing a nominal pack voltage at 25.9VDC. Currently, the endurance of the AUV at typical survey
speeds of 0.5 m/s is approximately 12 hours, which reduces to 4 hours at a cruise speed of 1 m/s.

Starbug-X was deployed at the pre-programmed start point of each transect and picked up at the
programmed end point. Position was determined by fusing on-board dead reckoning and real time
information from the surface-towed GPS. Height above substratum wasdetermined through fusion
of acoustic profiling (sonar) and mean altitude, determined by the on-board downward stereo
camera system.

At the completion of each mission the data were downloaded from the Starbug-X to a laptop
computer for later analysis. Analysis was completed by visual cover estimates of the digital images.
Visual estimates were calibrated against a set of standardised seagrass images (Figure 16). When
selecting the images for scoring, every 25" image was selected as the central sampling point and
thatimage plusfive images on either side of that point were scored, in order to providea sample
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equivalent tothe short transect scored for presence/absence with the towed drop camera (see
Section 2.2.3 above). Given the sampling rate of the camera and the speed of the AUV (0.2-0.45 m/s)
this equates to 1-2 images per linear meter.

Anintegra ted study of the Gladstone marine system | 37



3 Results

3.1 Seagrass depth-rangesurveys 2012 & 2013

3.11 YEAR1:20-27 NOVEMBER 2012

Seagrass biomass

The sites sampled for seagrass biomass are summarized in Table 3.1. The results indicate highest
prevalence of seagrass at Pelican Banks with a mean overall above ground dry weight of 24.86
gDW-m™* at Pelican Banks northand 22.33 gDW-m™ at Pelican Banks south. Zostera muelleriwas by
far the most abundant species, although mixed beds with Halophila ovalis were found in the
southern portion of the banks (Figure 19, Table 3.1). Further south, relatively high biomasses of
seagrass (mainly Zostera muelleri) were found at South Trees 2 (Figure 13 and Figure 19). Similar
biomasses were found by TropWater in November 2012 although there were some discrepancies at
sites with low biomass (e.g. Wiggins Island) and in terms of species composition (e.g. Pelican Banks
south) (Figure 19, Table 3.1).
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Figure 19 Mean shoot dry weight (DW, g:'m?) (+ S.D.) of total seagrass at the sites in Gladstone Harbour
sampled in November 2012, with an indication of the biomass obtained by TropWater (Davies et al.2012) in
the same month.

Overall the middle portion of the harbour had by far the highest seagrass biomass, followed by the
lower part and finally the upper harbour where very low biomasses or no seagrass were found at all
sampled sites (Figure 19, Figure 20 and Table 3.1).

The mean above and below ground dry weights of each species at eachsite are reported in Table
3.2.
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Table 3.1 Shoot dry weight (mean +SD) of seagrass at 20 sites in Gladstone Harbour (November2012), with information on the position, date, depth and height above
datum (Ht) of sampling sites, the gear used, as well as the mean percentage species composition of samples. The numbersinitalics refer to the results obtained by
TropWater (Davies et al. 2012) at the same sitesin November 2012. Notes: Zc= Zostera muelleri, Ho = Halophila ovalis, Hd = Halophila decipiens, Hu = Halodule
uninervis.

Biomass DW (g)Wm") Me an species composition (%)
CSIRO Site Lat. Lon. Date —time Depth (m) Ht (m) Gear

Mean S.D. Zc Ho Hd Hu
Black Swan -23.68 151.13 21/11/2012 8:57 0.6 0.882 Corer 0.43 0.85 97 (78) 0(22) 3 0
Redcliffe (RC1) -23.70  151.14 21/11/201210:01 0.8 0.397 Corer (1.57) - (78) (22)
Duff Creek (DC1) -23.72 151.16 21/11/2012 11:37 0.4 1.533 Grab 0.00 0.00 0 (100) 0 0
Graham's Creek -23.72 151.22 21/11/201212:35 1.5 0.923 Corer 0.00 0.00 0(20) 0(80) 0 0
Fisherman'slanding -23.74 151.16 21/11/2012 13:30 1.3 1.573 Grab (0.35) - (40) (60)
Wiggins Island 1 -23.81 151.21 21/11/2012 14:05 1.4 1.473 Corer 0.32(2.52) 0.64 90 (25) 10(75) 0 0
Pelican Banks North -23.77 151.30 20/11/2012 10:00 0.7 1.35 Corer 24.86 (18.57) 4.89 100 (98) 0(2) 0 0
Pelican Banks South -23.79 151.30 23/11/201213:26 0.8 0.482 Grab 22.33(5.71) 5.25 62(93) 34 (7) 0 4
Facinglsland New Site -23.79 151.31 23/11/2012 14:12 1 0.793 Grab 6.01 (3.65) 5.89 57 (58) 36 (42) 0 7
North Banks 1 -23.80 151.29 23/11/2012 15:00 2.3 0.025 Grab 0.00 0.00
North Banks 2 -23.81 151.30 25/11/2012 8:40 3.1 -0.194 Grab 0.00 0.00
North Banks 3 -23.81 151.29 25/11/2012 8:08 2.6 0.818 Grab 0.19 0.51 0 0 0 100
Shoal Bay 1 -23.83 151.34 25/11/201211:28 0.9 0.726 Grab 0.00 0.00
Shoal Bay 2 -23.83 151.34 25/11/2012 12:00 1.126 Grab 0.00 0.00
South Trees 1 -23.87 151.32 22/11/2012 13:02 0.5 1.332 Corer 15.51 9.18 97 0 0 3
South Trees 2 -23.87 151.32 22/11/201212:39 0.5 1.332 Corer 1.14 1.49 100 0 0 0
Boyne Island 1 -23.88 151.33 22/11/2012 14:05 1.4 0.943 Corer 0.30 0.45 0 0 0 100
Boyne Island 2 -23.89 151.33 25/11/2012 13:04 0.7 0.119 Grab 0.00 0.00
Boyne Island 3 -23.89 151.33 25/11/2012 13:55 1.6 -0.712 Grab 0.00 0.00
Boyne Island 4 -23.90 151.33 25/11/2012 14:32 1.7 -0.346 Grab 2.19 3.09 0 0 0 100
Boyne Island 6 -23.91 151.34 25/11/2012 15:35 2.5 -0.562 Grab 7.26 7.47 0 0 0 100
Seal Rocks -23.96 151.48 26/11/2012 13:41 1.7 -0.981 Grab 0.04 0.11 0 0 100 0
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Figure 20 Shoot dry weight (DW, g:-m?) (mean +S5.D.) of total seagrass in the Upper, Middle and Lower
reaches of Gladstone Harbourin November 2012. For sites included in each reach of the harbour refer to

Table 2.1.

Table 32 Above and Below Ground seagrass biomass. Dry weight of seagrass (mean + S.D. ) at 20 sites in
Gladstone Harbour (November 2012). BG; below ground (root) and AG; above ground (shoot) values per

species.
BG biomass (gDW m ™) AG biomass (gDW m )
Site Species
mean S.D. mean S.D.
Black Swan Halodule uninervis 0.000 0.000 0.000 0.000
Halophila decipiens 0.191 0.505 0.015 0.039
Halophila ovalis 0.000 0.000 0.000 0.000
Zostera muelleri 1.019 1.846 0.412 0.847
DC1 Halodule uninervis 0.000 0.000 0.000 0.000
Halophila decipiens 0.000 0.000 0.000 0.000
Halophila ovalis 0.000 0.000 0.000 0.000
Zostera muelleri 0.000 0.000 0.000 0.000
Grahams Creek Halodule uninervis 0.000 0.000 0.000 0.000
Halophila decipiens 0.000 0.000 0.000 0.000
Halophila ovalis 0.000 0.000 0.000 0.000
Zostera muelleri 0.000 0.000 0.000 0.000
Wiggins Island 1 Halodule uninervis 0.000 0.000 0.000 0.000
Halophila decipiens 0.000 0.000 0.000 0.000
Halophila ovalis 0.015 0.041 0.032 0.086
Zostera muelleri 0.398 0.996 0.283 0.650
Pelican Banks North Halodule uninervis 0.000 0.000 0.000 0.000
Halophila decipiens 0.000 0.000 0.000 0.000
Halophila ovalis 0.078 0.140 0.090 0.153
Zostera muelleri 107.257 19.752 24.772 4.864
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Pelican Banks South Halodule uninervis 2.616 4,145 0.918 1.423

Halophila decipiens 0.000 0.000 0.000 0.000
Halophila ovalis 8.824 6.989 7.492 5.901
Zostera muelleri 46.471 17.869 13.917 5911
Facingls New Site Halodule uninervis 0.594 0.838 0.402 0.493
Halophila decipiens 0.000 0.000 0.000 0.000
Halophila ovalis 2.783 2.500 2.172 1.605
Zostera muelleri 3.561 3.778 3.436 4.732
NorthB3 Halodule uninervis 0.364 0.963 0.192 0.509
Halophila decipiens 0.000 0.000 0.000 0.000
Halophila ovalis 0.000 0.000 0.000 0.000
Zostera muelleri 0.000 0.000 0.000 0.000
Seal Rocks Halodule uninervis 0.000 0.000 0.000 0.000
Halophila decipiens 0.032 0.086 0.042 0.111
Halophila ovalis 0.000 0.000 0.000 0.000
Zostera muelleri 0.000 0.000 0.000 0.000
South Trees 1 Halodule uninervis 2.720 3.548 0.454 0.460
Halophila decipiens 0.000 0.000 0.000 0.000
Halophila ovalis 0.000 0.000 0.000 0.000
Zostera muelleri 52.644 35.906 15.053 9.328
South Trees 2 Halodule uninervis 0.000 0.000 0.000 0.000
Halophila decipiens 0.000 0.000 0.000 0.000
Halophila ovalis 0.000 0.000 0.000 0.000
Zostera muelleri 1.454 2.346 1.141 1.493
Boyne Island 1 Halodule uninervis 1.440 2.185 0.305 0.454
Halophila decipiens 0.000 0.000 0.000 0.000
Halophila ovalis 0.000 0.000 0.000 0.000
Zostera muelleri 0.000 0.000 0.000 0.000
Boyne Island 4 Halodule uninervis 2.781 4.408 2.193 3.086
Halophila decipiens 0.000 0.000 0.000 0.000
Halophila ovalis 0.000 0.000 0.000 0.000
Zostera muelleri 0.000 0.000 0.000 0.000
Boyne Island 6 Halodule uninervis 4.991 10.629 7.260 7.467
Halophila decipiens 0.000 0.000 0.000 0.000
Halophila ovalis 0.000 0.000 0.000 0.000
Zostera muelleri 0.000 0.000 0.000 0.000

Leaf length and surface area statistics for each seagrass species at each site showed that Pelican
Banks not only had the highest biomass in November 2012 but also highest surface area in terms of
both Zostera muelleri and Halodule uninervis (Figure 21a). The longest leaves, on the other hand,
were found at South Trees (Figure 21b).
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Figure 21 Box and whisker plots of (a) leafsurface area(mm? and (b) leaf length (mm) by species and
sampled site in Gladstone Harbour for November 2012. The dot represents the median, the upper andlower
margins of the boxrepresent the 1% and 3™ quantiles respectively, and the lower and upper whiskers
represent themininumandmaximum values,respectively.
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Figure 22 Summary of the depth ranges of seagrass in November 2012 in Gladstone Harbour showing presence (P, green) or absence (A, red) at each sampled depth,
converted to height with respec to datum (Ht). For site name abbreviations refer to Table 2.1 Details of the 26 sites sampled for seagrass in November 2012 with an
indication of their location within the harbour and the type of sampling carried out. Notes: B = biomass sampling, DR = depth range sampling, T/C = temperature and
conductivity, + =sampled, - =not sampled.. Notes: seagrass was present at one sampling location around Compigne Island (-23.78387, 151.25509), at aHt of 1.996 m.
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Seagrassdepth ranges

Depth range sampling revealed four sites with no seagrass: Redcliffe 1 (RC1), Redcliffe new (RCnew),
Wiggins Island new (WInew) and Facing Island new (FInew). At five sites (FI1, PBN, PBS, BI2 and BI6),
seagrass wasfound in shallower waters, whilst no clear patterns emerged for the remaining sites
(Figure 22). At Pelican Banks North it was possible to directly compare the depth ranges of seagrass
with the depth profiles of Photosynthetically Active Radiation (PAR1 and PAR2) (Figure 23).
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Figure 23 Photosynthetically Active Radiation (PAR1 and PAR2) profiles (on the left) and seagrass depth
range (on the right) for Pelican Banks North in November 2012.
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3.12 YEAR2:12-19 SEPTEMBER 2013; 9 NOVEMBER 2013

Seagrassdepth ranges

Of the 684 stations sampled with a drop camerain 17 areas in 2013, 654 stations were valid (e.g.
visibility wasgood enough to sample) with 149 of these having seagrass(Table 3.3). The results in
terms of minimum and maximum depths of seagrass presence are summarized in Table 3.3 and
mapped in Figure 24-Figure 32.

Table 33 Summary by area of the depth range sampling for seagrass at valid stations in Gladstone Harbour
in 2013, with an indication of the number of stations sampled, the number of stations and percentage with
seagrass present and the minimum and maximum height with respec to datum (Ht) at which seagrass was

present.
No. No. % Min Max

Site stations stationsw stationsw  seagrass seagrass

sampled seagrass seagrass Ht (m) Ht (m)
Black Swan 8 3 37.5 -0.40 0.97
Redcliffe 18 1 5.6 0.52 0.52
Duff Creek 10 1 10.0 0.87 0.87
Graham's Creek 42 4 9.5 -0.76 1.04
Fisherman's Landing 10 0 0.0
Wiggins Is 29 1 34 1.42 1.42
Compignels 35 1 2.9 0.66 0.66
Chinaman Hill 9 3 33.3 0.64 1.13
PelicanBanks North 63 42 66.7 -0.22 2.28
PelicanBanks South 32 12 353 -1.76 1.38
North Banks 51 25 49.0 0.25 1.52
Facingls 31 11 35.5 0.29 1.69
FacingIs Offshore* 46 2 4.3 -19.46 -19.16
South Trees 21 7 333 1.32 2.37
Boyne Is 71 25 35.2 -1.26 1.52
Seal Rocks 27 2 7.4 -3.39 -0.48
Rodds Bay 149 9 6.0 -1.32 0.85
TOTAL 654 149

* Maximum depth range not sampled; beyond range of surveys.

A clear relationship emerged between maximum depth of the seagrass bed and Secchi depth (R* =
0.5084), withgreater depths reached at sites with lower levels of light attenuation (Figure 33). Light
attenuation coefficients ranged from 0.85 (Boyne Island) to 4.25 (South Trees and Wiggins Island).
This is equivalent to seagrass beds displaying a maximum depth limit such that the lower edge of the
bed receives approximately 13% (+2.99 SE) of incident surface PAR at Mean Low Water Neap Tides,
as estimated using Secchi derived attenuation coefficients and average MLWN tide level of 1.555 m
in Gladstone Harbour.
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Black Swan .. Redcliffe Duff Creek

Figure 24 Seagrass depth ranges sampled at the Narrows inSeptember2013 (green = presence, red =
absence).

Graham'’s creek Google earth

Figure 25 Seagrass depth ranges sampledin Graham’s Creek in September 2013 (green =presence, red=
absence).
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Figure 26 Seagrass depth ranges sampled at Fisherman’s Landing in September 2013 (green = presence, red =
absence).
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Figure 27 Seagrass depth ranges sampled at Wiggins Island in September 2013 (green = presence, red =
absence).
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Figure 28 Seagrass depth ranges sampledin the central harbour in September2013 (green = presence, red=absence). For abbre viations refer to Table 2.2.
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Figure 29 Seagrass depth ranges sampled offshore Facing Island in September 2013 (green = presence, red =
absence).
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Figure 30 Seagrass depth ranges sampledat Seal Rocks in September2013 (green = presence, red =absence).
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Figure 31 Seagrass depth ranges sampled at South Trees and Boyne Island in September 2013 (green= presence, red = absence). Forabbreviations refer to Table 2.2.
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Figure 32 Seagrass depthranges sampled at Rodds Bay in September (RB1A — RB6)and in November (RB7) 2013 (green = presence,red = absence). For abbreviations
refertoTable2.2.

Anintegra ted study of the Gladstone marine system | 51




T o y = -1.8054x + 1.6531
o 1 $s R = 0.5084
z
S 0
Q.
QO
©
8 2 -
Q
7]
8 -3 -
= ©
-4 T T T T 1
0 0.5 1 15 2 25

Secchi depth (m)

Figure 33 Relationship between the maximum seagrass depth at each site (with respectto datum) and
the Secchi disk depth at each site derived from depth range sampling in September 2013.

3.2 Seagrass fine-scale distribution 2014

During the first day of sampling it was evident that it would not be possible to sample all 532
sites within the time available (3 days) and so we decided to sample only every second site,
exceptin the vicinity of the area described as a ‘hot spot’ for turtles where all sites were
sampled. This gave a total of 346 sites.
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Figure 34 Presence/absence of seagrass, Halophila ovalis (left) and Zostera muelleri (right), at 346 sites
on Pelican Banks and to the west of Facing Island.

Seagrasswas found at 95 of the 346 sites (Figure 34), principally on the northern half of Pelican
Banks; very little seagrass wasfound on the banksto the west of Facing Island. Percentage
cover of seagrassranged from 0 to 70% with the highest cover at the north-eastern and central
western edges of Pelican Banks (Figure 35 and Figure 37), leaving a central area running from
north-east to south-west of the main seagrass bed where seagrasswas either absent or present
in relatively low levels. Zostera muelleri dominated total seagrass composition in terms of cover
and biomass, and while Halophila ovalis was a relatively minor component of total seagrass
cover, its distribution wasvery similar to that of Z. muelleri. Values for biomass (Figure 36) were
in the range of those predicted by the GISERA seagrass growth model (Chapter 1)

Digitalimagescollected at points within the Pelican Banks seagrass bed represented a range of
seagrass densities, and were used to develop a relationship between the seagrasscover and
shoot biomass (above ground dwt g m) of Zostera muelleri (Figure 38) that could be used in
the development of the seagrass biogeochemical model (Chapter I11).

Anintegra ted study of the Gladstone marine system | 53



Pelican G 8 Pelican
Banks s Banks

Facing |
‘Island

Legend . B T Legend
% Cover of Halophila avalis | & 1 % Cover of Zosters multer!
049 i g Y]
02-08 2 £1-51
03 1¢ ; @ s1-150
1i-20 i ; 4 RER R
21-48 N B 161 -70.0

2002 & 2011 3003035 COMETGE - — Kl 2002 4 2011 500G COMCIARE

Figure 35 Bubble plot of the estimated percentage cover of seagrass, Halophila ovalis (left) and Zostera
muelleri (right), at Pelican Banks and to the west of Facing Island.
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Figure 36 Bubble plot of the estimated biomass (above ground biomass AGB dwt g.m?) of
Halophila ovalis (left) and Zostera muelleri (right), at Pelican Banks and to the west of Facing
Island.
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Figure 37 Map of predicted % cover of seagrass at Pelican Banks and to the west of Facing Island
produced by krigging the data obtained fromthe benthicphotographs.
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Figure 38 Relationships between seagrass (Zostera muelleri) percent cover and biomass (dry weight)
determined at Pelican Banks. Black symbols indicate the relationship used in Chapter 11l (seagrass
biogeochemical model) equation A8 for translating leaf surface area A.«to seagrass biomass.

3.3 Autonomous Underwater Vehicle

Eight AUV missions were completed (Figure 39), to assess seagrass depth range, comprising
transectsrun across depth contours at Pelican Banks (1), Quoin Island (2), Rodds Bay (4), and
Seal Rocks (1). While the mission execution and navigation by Starbug were up to expectation,
the conditions during many of the transect runs were too turbid to allow useable photographs
to be obtained, largely due towave action near the bottom creating a layer of suspended
sediment. The most useable data wasobtained at Pelican Banks where multiple depth range
transects were completed crossing in and out of seagrassbeds during a single mission. Other
missions where visibility was sufficient for quantifying cover did not record any seagrass(Table
3.4) and so were not informative in termsof providing data that would improve model
performance.
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Figure 39 Port Curtis and Rodds Bay AUV seagrass transects completedin 2013.

Table 3.4 AUV missions completed at Gladstone duringthe 2013 surveys.

Location Date/Time Distance | Mission Name Mission Goal
PelicanBanks | 13/9/201311:41 | Na Image.mission | StarbugSeagrass
North Biomass Calibration
PelicanBanks | 13/9/2013 12:45 | Na Image2.mission | StarbugSeagrass
North Biomass Calibration
PelicanBanks | 13/9/201315:00 | 920m PBN_Gridla.mis| Seagrassdepthrange
North sion mapping
Quoin Is North| 13/9/2013 15:30 | 900m NB1_Grid2a.mis| Seagrass depthrange
Banks 1 sion mapping
Rodd’s Bay 14/9/2013 08:00 | 575m RB_4.mission Seagrass depth range
mapping
Rodd’s Bay* 14/9/201309:20 RB_7.mission Aborted due to pitch
oscillation
Rodd’s Bay 14/9/2013 09:28 | 810m RB_7a.mission | Seagrass Mapping
Rodd’s Bay* 14/9/201310:54 | 180m RB_2.mission Seagrass Mapping
(image capture
failure)
Rodd’s Bay 14/9/2013 11:38 | 380m RB_8.mission Seagrass Mapping
Rodd’s Bay 14/9/2013 13:27 | 180m RB_2a.mission | Seagrass Mapping(no
surface GPS)
Seal Rocks 15/9/201313:31 | 215m SR_test.mission | Testing Starbuglimaging
Capabilitiesin
Deeper Water
QuoinIsland 18/9/201307:19 | 100m Ql test.mission | Seagrass Mapping
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Figure 40 Comparisonbetween the results obtained with the drop cameraandthe AUV Starbug-X at
Pelican Banks North in September 2013 (green = presence, red = absence).

There was quite close agreement between the results obtained with the Starbug-X AUV and
those of the drop camera (Figure 40). Visual comparison of the AUV tracks and the small boat
track with the drop camerais also instructive. The vessel trackis irregular and does not follow a
straight line, while the trackof the AUV is quite regular, despite the complex mission that
followed a series of paralleltransects.

Depthrange estimates from the two methods also compare quite well with the two
approaches producing maximum depth of seagrass distribution ranging between 0.23 m (drop
camera)and 0.26 m (Starbug-X).
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4 Discussion

4.1 Seagrass Distribution

One of the main aims of the seagrass sampling programs was to obtain estimates of maximum
seagrass depth range that would provide a means of assessing the effectiveness of the seagrass
biogeochemical model (Chapter I11). Thus, we undertook sampling with a range of independent
methods (grab, sledge, drop camera and AUV) as well as ensuring our results were
appropriately comparable to those obtained by other independent seagrass studiesin the area
(e.g. Davieset al. 2012, Bryant 2014).

Sampling for seagrass depth range datain 2012 and 2013 confirmed the patchy nature of what
remained of seagrass bed through most of the harbour area during this period. Many areas
where seagrass beds had been described had cover and biomass values so low and/or so
patchy thatin some cases it was not possible to sample them. Wiggins Island stood out in this
respect, and very little seagrass wasfoundtherein both 2012 and 2013 and even a changein
sampling gear (fromvan Veen grabto naturalist dredge) was not effective at sampling these
extremely patch “beds”. Similar challenges were faced by other groups sampling the
seagrasses of the harbour at this time (e.g. Davieset al. 2012) who were in some cases (e.g.
Wiggins Is.) required to establish new sites in order to obtain samples. Comparisons of our
sampling in 2012 with samples at Pelican Banks obtained by Davies et al. (2012) showed similar
values, where the sample sites coincided. Thisincluded sites such as those at the Pelican Banks
which sustained much higher levels of seagrass biomassthan almost all other sites in Gladstone
Harbour. These sites are subjected tolower levels of turbidity than sites closer to the central
harbour due to reduced tidal velocities and lower levels of sediment re-suspension, aswell as
benefitting from regular flushing with clearer, offshore waters entering through the passage
between Curtisand Facing Islands. Another area of high seagrass cover and biomasswas in the
outer estuary of the Boyne River at South Trees, where Zostera biomass was equivalent at
some sites to that found at Pelican Banks. This location is largely protected by a sand bar,
reducing re-suspension due to wave action and mixing with turbid waters from the nearby
harbour approaches. Despite the reasonable agreement of our sampling results with those
from independent sampling carried out at approximately the same time (Davieset al. 2012) we
were concerned that the effectiveness of the method of sampling we had employed, grab
sampling in particular, had the potential to be affected by this patchiness.

Sampling in September 2013 employed a naturalist dredge in areastoo turbid forimage based
sampling and occurred two months before the regular sampling conducted as part of long-term
sampling in the Port Curtis and Rodds Bay area (Bryant et al. 2014). The method appearedto be
quite effective in determining the presence or absence of seagrass as it showed close
agreement with independent helicopter based visual sampling at low tide (Bryant et al. 2014).
We recorded seagrass at all sites in the Narrows where Bryant et al. (2014) had reported
seagrass, and at one site where it was not found (Redcliffe New). At sites in Fishermans Landing
North and South, dredge sampling recorded seagrassat only one site whereas helicopter
surveys reported extensive, though sparse, beds. At Compigne Island dredge sampling and
subsequent inspections on-foot at low tide revealed seagrass was present only at Compigne
East (bed 80; site C15in this work) and not at bed 152 on the westernside of Compigne Island.
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Depthrange sampling in 2013 revealed an area of moderate seagrass cover at the southeast of
Quoinlsland (North Banks 3 and 4)Throughout the rest of the harbour, including sitesto the
east of Facing Island and at sites in Rodds Bay, results were also in broad agreement between
GISERA and independent sampling (Bryantetal. 2014).

Finally, the results of drop camera and AUV sampling of seagrass depth range at Pelican Banks
showed very close agreement, towithin a few centimetres. The use of AUVs shows promise as
a means of surveying seagrass but was not viable in areas of high turbidity and/or high current
flow such as prevail in much of Gladstone Harbour. It was effective in other areas such as
Pelican Banks, Seal Rocks and, during suitable conditions, in parts of outer Rodds Bay.

4.2 Seagrass Depth Ranges

Maximum depths of seagrass beds throughout the harbour varied as expected with water
guality, extending deeper where light penetration was greater. The greatest depthsat which
seagrasses were encountered were at sites offshore from Facing Island, where Halophila
spinulosa was recorded at depths of over 20 m. However, since the maximum extent of these
beds was not determined, these could not be included in the depth range analysis which was
therefore restricted to seagrass beds within Gladstone Harbour. Interestingly, the shallowest
margin of these offshore seagrasses appears to have receded into deeper water over the past
decade (Bryant et al. 2014) and is now approximately two or more kilometres further offshore
thanin 2002. There is no consistent water quality/light attenuation data available for this area
over the entire period but it would be interesting to assess regional trends in light penetration
that might influence the growth of seagrass in this part of the region. Maximum depth of
seagrass beds within the harbour ranged from -3.39 m to 1.42 m above datum. This depth
range, when measured across the range of sites, corresponded to light levels of around 13%
(£2.99 SE) of available surface PAR at Mean Low Water Neap Tide. Generally speaking
seagrasses require an average of approximately 11% of surface irradiance (Duarte 1991) in
order to survive. The levels we observed were very similar to this and also correspond almost
exactly with the minimum levels needed to sustain Zostera muelleri in Gladstone Harbour
(Chartrand et al. 2012). Periods of more thantwo weeks at less than 4.5-12 Mol PAR m™2.d*
(Chartrand et al. 2012) were found to result in net reduction in seagrass cover and biomass. At
the latitude of Gladstone, these values are between 13% and 36% of available surface PAR (~
33 mol m?2d; Frouin and Murukami 2007) at MLWN, once again corresponding well with our
observations. These critical light values are in a range similar to those for Halodule uninervis
recorded on the GBR (Collier et al. 2012).

4.3 Seagrass distributionin relation to turtle habitat use

Distribution of seagrass biomass on Pelican Banks is concentrated largelyin two areas ofthe
northern Pelican Bank, one area being on the north-western shore, the other on the north-east
of the bank along the top of a sandbank running parallelto the main channel between Curtis
and Facing islands. South Pelican Bank supports considerably lower biomass of seagrass. The
high cover/high biomass areasare shallower and dominated by Zostera muelleri. Distribution of
bothZ. muelleris and H. ovalis was similar which was somewhat unexpected in that H. ovalisis
reported to have greater depth limits than Z. muelleris (Duarte 1991, Abal and Dennison 1996)
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and has the ability to adapt its photo-physiology to facilitate growthin deeper, lower light
habitats (Campbell et al 2007). Zostera also competes with Halophila and may overshade it at
higher densities.

The northern Pelican Banks area of Gladstone Harbour likely supports higher densities of green
turtles (Chelonia mydas) than any other part of the harbour (C Limpus pers. comm. 2012) and
the centre of their habitat use is focused not on the areas of highest seagrass cover but on the
slightly deeper adjacent areasto the south (Chapter IV) where Zostera and Halophila cover
declines. The low cover or lack of seagrass in the centre of this area may be due tothe slightly
greater depth, but may also be due to the grazing activity of the turtlesthemselves (Lal et al.
2010).

44 Summary

The seagrass component of GISERA Marine was designed to complement existing seagrass
monitoring of the cover, biomass and spatial extent of seagrass beds conducted through the
Western Basin Project and as part of the Gladstone Port’slong term seagrass monitoring
objectives. In 2012 and 2013 the emphasis was placed on estimating biomass and depth
rangesat a number of sites within and around Port Curtis (17 — 26 sites). Van veen grabs,
naturalist dredges, a drop camera and an AUV were used to obtain these data.

Sampling for seagrass depth range datain 2012 and 2013 confirmed the patchy nature of what
remained of seagrass beds through most of the harbour area during this period. Many areas
where seagrass beds had been described had cover and biomass values so low and/or so
patchy thatin some cases it was not possible to sample them; Wiggins Island stood out in this
respect. Other areas, where cover was greater (e.g. Pelican Banks), had comparable cover and
biomassto those previously recorded. Areas of high seagrass cover included Pelican Banks and
Boyne River at South Trees; both dominated by Zostera muelleri. Depth rangesamplingin 2013
revealed an area of moderate seagrass cover at the southeast of Quoin Island. Seagrass
biomass measurements provided essential data for parameterization of the seagrass growth
model (Chapter IIl).

Maximum depths of seagrass beds throughout the harbour varied with water quality,
extending deeper where light penetration wasgreater. A clear relationship emerged between
maximum depth of the seagrass beds and Secchi depth. Maximum depth of seagrass beds
within the harbour ranged from-3.39 m to 1.42 m above datum. This depth range, when
measured across the range of sites, corresponded to light levels of around 13% (+2.99 SE) of
available surface PAR at Mean Low Water Neap Tide. These levels correspond almost exactly
with the minimum levels needed to sustain Zostera muelleriin Gladstone Harbour. The depth
range measurements were used to validate the seagrass growth model, with model resultsand
observations showing substantial agreement.

There was a close agreement between the results obtained with the Starbug-X AUV and those
of the drop camera. The use of AUVs shows promise as a means of surveying seagrass but was
not viable in areasof high turbidity and/or high current flow.

In 2014, the focus was on one area, the Pelican Banks, which corresponded to high utilization
by green turtles. A grid of parallel transects was adopted and seagrass % cover was quantified
using underwater still photography within a 0.5 x 0.5 m quadrat. The higher cover/higher
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biomass areasat Pelican banks are shallower and dominated by Zostera muelleri. Distribution
of both Z. muelleriand Halophila ovalis was similar.

The northern Pelican Banks area likely supports higher densities of greenturtles than any other
part of the harbour and the centre of their overall habitat use is focused not on the areas of
highest seagrass cover but on the slightly deeper adjacent areas to the south where Zostera
and Halophila cover declines. However habitat use at high tide shifted to high cover areas of
the Pelican banks, thus the seagrass measurements enabled us to explain this tidalvariation.

62 | Towards an integrate d study of the Glads tone marine system



Chapter Ill Port Curtis
Biogeochemical

and Seagrass
Growth Model

Mark Baird, Russ Babcock, Kadija Oubelkheir, Matthew Adams, Kate O'Brien, Karen Wild-Allen




1 Introduction

Mathematical modelling is an essential tool for assessing how different environmental impacts
affectimportant coastal habitats, and for effectively guiding investment in resource
management. Seagrass ecosystems are economically and ecologically valuable, and are
threatened by stressors such as water quality decline that act across a range of scales (Orth et
al. 2006; Grech et al. 2012). The reason seagrasses provide so many valuable ecosystem

services is that they act as ecosystem engineers, creating structures and modifying
environmental conditions which support a wide range of trophic processes and different

species (Hastings et al. 2007).

Strong feedbacks between seagrass processes and environmental conditions (including water
column nutrients, water clarity and sediment resuspension) mean that incorporating seagrass
in ecosystem models may be important for accurate water quality predictionsin shallow-water
coastal ecosystems (Webster and Harris 2004). Conversely, modelling seagrassinisolation
without accounting for interactions with water quality and sediment resuspension, may fail to
capture important remote forcing of seagrass communities (van der Heide et al. 2007).

Availability of photosynthetically active radiation is a key requirement for seagrass growth, and
a limiting resource in many seagrass habitats (Ralph et al. 2007; Collier et al. 2012). Seagrass
photosynthesis responds to light following a saturating curve, and this process has been
modelled by fitting empirical data to various mathematical configurations, e.g. hyperbolic
tangent function, adjusted to account for carrying capacity (Burd and Dunton 2001), Monod
function (Elkalay et al. 2003), or an asymptotic exponential function (Newell and Koch 2004;
Zimmerman et al. 1995). However, photosynthesis-irradiance curves are strongly affected by
preceding environmental conditions, such aslong and short term light history, and temperature
(Kehoe et al. 2015; O’Brien et al. 2009). Some phytoplankton photosynthesis models use
measurable mechanistic parameters (Han 2002) or allometric relationships to address this
challenge (Baird and Suthers 2007). There s a strong need for such mechanistic relationshipin
seagrass models (Baird et al. 2003; Macreadie etal. 2014).

The motivation of the seagrass model developed here is twofold: firstly to develop a
mechanistic formulation for seagrass response to light, which depends on measurable,
transferable parameters, and overcomes some of the limitations of standard photosynthesis-
irradiance formulations. Secondly, torepresent seagrass processes asthey impact on
ecosystem functionin shallow-water coastal environments, ina complex ecosystem model that
also quantifies other water column (phytoplankton), benthic (macroalgae, corals) and sediment
(microphytobenthos) primary producers. Where differences exist in the supply of nutrients and
light between different primary producers, these differences are given greater attentioninthe
model parameterisation (Baird et al. 2003; CSIRO Coastal Environmental Modelling Team
2014). Thus, the seagrass model component investigated here has nutrient uptake from
multiple sediment layers (to distinguish it from macroalgae), geometric calculations of light
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uptake that consider the 2 dimensionality of leaves (to distinguish it from 3 dimensional
microalgae (Baird and Middleton 2004)), and non-Redfield stoichiometries. However many
other details, such as light scattering withina seagrass canopy (Zimmerman 2003) or details of
photo-physiology, that are justifiable ina model of a single-species seagrass meadow, have not
been includedin order to keep the complexity of the ecosystem model manageable.

Seagrass communities are often split into shallow and a deep water species, with deeper water
seagrass species recovering faster from disturbance than those present in shallow water
(Rasheed et al. 2014). As this dynamic may be important in Gladstone Harbour, we have
configured the model with two seagrass species, with the contrasting behaviour of the two
species providing insights into the model behaviour.

In this chapter, a two-species seagrass model is derived which introduces new
parameterisationsincluding constraints of leafgeometry, as well as root morphology and is
forced by spectrally-resolved downwelling light. The model is applied in a highly-impacted
estuarine environment with strong tides in which light is the most common limiting factor to
seagrass growth. The model is assessed against spatially-resolved biomass and percent
coverage maps of the two seagrass species. Finally, analytical calculations are undertaken to
understand the behaviour of the new model parameterisations.
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2 Methods

2.1 Study site andobservations

Gladstone Harbour is a macro-tidal, sub-tropical estuary with large barotropic tides of
amplitudes approaching 2 m (Herzfeld et al. 2015). The tidesundergo a neap-spring cycle with
a period of approximately 14 days, with a spring tide range of 4 m and neap tide range of 1 m,
with maximum currents of 2 m s'*). Fresh water flows may propagate through the Narrowsasa
result of flooding from the nearby Fitzroy River to the north, and the Calliope River which
discharges into the estuary through Gladstone. The large tides ensure that the water columnis
vertically well mixed most of the time, and are also responsible for significant resuspension of
fine sediment, resulting in a generally turbid water column. The region is characterized by
extensive areasof tidal flats that become exposed at low tide and large areas of mangroves
fringing the estuary.

Seagrassdistributionin Gladstone Harbour has been intensively monitored and studied (Petrou
et al. 2013; Rasheed et al. 2013; Chartrand et al. 2012; Petus et al. submitted). Seagrass
distribution data is available from monitoring performed between 2002 and 2013 inclusive as
part of the long-term monitoring in Gladstone Harbour and Rodds Bay (Rasheed et al. 2005;
Taylor et al. 2007; Rasheed et al. 2006, 2008b; Chartrand et al. 2009; Thomas et al. 2010;
Davies et al. 2013; Rasheed et al. 2014). These data, always collected in October to December,
consists of biomass estimates (g DW m™) for the species Zostera muelleri, Halophilaovalis,
Halophila decipiens, Halophila spinulosa and Halodule uninervis (wide and thin morphologies),
and qualitative description of sediment type (e.g. fine sand, sand, mud, shell or a combination
thereof ), from seagrass meadows named Wiggins Island, South Fishermans Landing, North
Fishermans Landing, Pelican Banks, Quoinlsland, South Trees, Rodds Bay, BlackSwan and
Channellslands. The monitoring also looked for the species Cymodocea rotundata, but it was
never observed.

In addition to these observations, this chapter details observations during the GISERA project
(Chapter II).

2.2 Seagrass model

The CSIRO Environmental Modelling Suite is used in this paperto model the biogeochemical
processes in Gladstone Harbour, and is described in detail elsewhere (Wild-Allen et al. 2010;
CSIRO Coastal Environmental Modelling Team 2014). Here we will only describe the seagrass
processes, quantifying their local rates of change on water column, epibenthic and sedimentary
state variables (Table 2.1).
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Table 2.1 State and derived variablesfor the seagrass model. For simplicity in the equations all
dissolved constituents are given in grams, although elsewhere they are shown in milligrams. The
bottom water column thickness varies is spatially-variable, de pending on bathymetry. The 4 sediment
layers have nominal thicknesses of 0.005,0.02,0.08, 0.295 m, which are altered through the

simulation by deposition and resuspension.

Variable Symbol Units
Downwelling irradiance Ey W m—2
Porewater DIN concentration N, g Nm™
Porewater DIP concentration P, gP m™3
Water column DIC concentration DIC g & m*
Water column oxygen concentration — [Oy] gOm™
Above-ground seagrass biomass SG 4 g N m™2
Below-ground seagrass biomass SGpg g N m™2
Detritus at 550:30:1 in sediment L g Nm™
Effective projected area of seagrass Acrr mem 2
Bottom stress T N m™2
Thickness of sediment layer [ hey m
Bottom water layer thickness Bie m
Wavelength A nm
Translocation rate T gNm?s!
Porosity o -

Seagrass biomass is quantified in g N per m? witha constant, non-Redfield stoichiometry (C:N:P
= 550:30:1) for both above-ground, SGa, and below- ground, SGs, biomass, and can translocate
organic matter at this constant stoichiometry between the two stores of biomass. Growth,
which we define as the input of carbon, nutrient and phosphorus resources into the seagrass
biomass from the environment, occurs only in the above-ground biomass, but losses (grazing,

decay, etc.) occur in both. Two seagrassvarieties, nominally Zostera and Halophila, are
represented in the model. For both seagrass species considered, the equations used are
identical but the parametersvaryto reflect their individual growth patterns/behaviours. The
general equations for the dynamics of above-ground and below-ground biomass are:
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All these rates arein units of g N m2d™. Inthe following sections, we define the rates for

growth, loss and translocation.

Table 22 Equations for the seagrass model. Other constants and parameters are defined in Table 23.

The equation for organic matter formation gives the stoichiometric constants; 14 g N mol N_1;12 gC
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The realised seagrass growthrate, u, isrepresented using a law of the minimum formulation
(Table 2.2, Eq. 23), limited by either by nitrogen, phosphorus, light availability or the maximum
growthrate. We first derive the individual uptake rates for each of these factors, before
determining whichis the most limiting factor, and then use this factor to calculate the realised
growthrate, and therefore the realised nutrient uptake rates. But before looking at the
individual rates, we need to consider the area on the bottom taken up by the seagrass biomass,
as this impactson light capture.

Relationship between biomass and percent coverage

At low biomass, the seagrass community is composed of a few specimens spread over a small
fraction of the bottom, with no interaction betweenthe nutrient and energy acquisition of
individual specimens. Thus, at low biomass the areal fluxes are a linear function of the biomass.

As biomass increases, the individuals begin to cover a significant fraction of the bottom. For
nutrient and light fluxes that are constant per unit area, such asdownwelling irradiance and
sediment releases, the flux per unit biomass decreases with increasing biomass. Some
processes, such as photosynthesis in a thick seagrassmeadow become independent of biomass
(Atkinson 1992) as the bottom becomes completely covered. To capture the non-linear effect
of biomass on benthic processes, we use an effective projected area fraction, Ae:

Aerr =1 —exp(—Qsag SG4) (:

(O]
NS

where Agyis the effective projected area fraction of the benthic community (m? m™), SGaisthe
above ground seagrass biomass present as nitrogen (g N m™), and Qs is the nitrogen-specific
leaf area coefficient (m? g N*). For a derivation of Eq. 3, and a comparison to data from
Chapter I, see Appendix C .

The parameter Qsg is critical: it provides a means of converting between biomass and fractions
of the bottom covered, and is used in calculating the absorption cross-section of the leaf. That
Qsc has a simple physical explanation, and can be determined from commonly undertaken
morphological measurement (Cambridge and Lambers 1998), gives us confidence in its use.

Nutrient uptake

Dissolved inorganic nutrients are taken up by the root system following a Michaelis-Menton
form:

oAl
En == = (4)
Ksan + N
“is the maximum growth rate of the above-ground seagrass biomass, N is the
concentrsgtion of dissolved inorganic nitrogenin the sediment pore waters of porosi;y ¢, and

Kse,n is the concentrationat which nutrient uptake is half the maximum.

m

where u

Nutrients are taken from the sediment porewatersto a depth of z,.0t. The nutrient
concentrationused in Eqg. 4 is weighted by the volume of porewaterin each of L layers:
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where hs;and ¢;are the thickness and porosity of sediment layer /.

As a further caveat, ammonia is preferentially absorbed relative to nitrate, up to the maximum
absorption rate defined by the initial slope of the up-take versus concentration curve (for
further information, see CSIRO Coastal Environmental Modelling Team (2014)).

The nutrient taken up from each layer, as a fraction of the total growthrate, LssSGa, also
matches this weighting. Thus the nutrient uptake from layer /is given by:

Ngihs i i .
o —— - /.LS(]»SVGJ (())
SE | Nohaion

A similar set of equations to those listed above for nitrogen are also used for phosphorus
uptake (Table 2.2).

fri=

Light capture

The spectrally-resolved leaf absorbance, A.y, of two common Australianseagrass species,
Zostera muelleriand Halophila ovalis, are given in Figure 41. Itis assumed that when co-existing
Z. muellerishades H. ovalis.

Seagrass spectral absorbance [K. Petrou, UTS]
08 T T T T
=g Halophila
=fe Z0steria ||

0.5

Absorbance [-]
o o o
N w ~

o
s

0 1 | | | u
300 400 500 600 700 800
Wavelength [nm]

Figure 41 The spectrally-resolved leaf absorbance, A ), of twocommon Australian seagrassspecies
from Gladstone Harbour (Petrouetal. 2013).
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The light below successive seagrass canopies is given by:

E(l.bclow.)\ —= E(l.(lbomj.)\("_A/\QSG’SGA SIn Pblade (T)
where Egabover is the downwelling light above the canopy, Ed peiow is the downwelling irradiance
below the canopy, Axis the absorbance of the leaf, Qsg is the nitrogen-specific leafarea, SGais
the leaf nitrogen biomass, and sin Buiade is the sine of the nadir bending angle of the leaf. This
formulation capturesthe phenomena that seagrass biomass cannot be infinitely spread on the
bottom, but must be in leaves that shade a fraction of the bottom, while the remaining light
passes throughthe canopy without attenuation.

If we consider a spectrally-resolved light field, with light specified as a flux per nm, the rate of
photon capture by seagrassis given by:

1197 . —1

/1'1 = % / E(—]A)\ (1 — exp (_‘{L«/\QSGS(;A Sin 3/)[(,,71,—,)) /\(/)\ ((\))
Where inside the integrand: Eqx (W nm™ m™) is the incident light at depth d within the
wavelength band dA (nm), A.a(no units) is the spectrally-resolved absorbance of the seagrass
leaf (see Figure 41) and A is the light wavelength (nm). The light captured by seagrassis
integrated over all photosynthetically-active wavelengths (W m™) and is then multiplied by
(1/(10°hcAv)). The factor (1/(10°hcAv)) contains 10° nm m™ (which accounts for the typical
representation of wavelengthA in nm) as well as the fundamental constants h = 6.626 x 107*
Js,c=2.998 x 108 ms™, Ay=6.02x 10> mol™, in order to convert the light capture to units of
mol photon m~ s,

A further factor (30 x 14/5500) converts mol photon m2s™*tog N m2s™: according to Eq. (31),
5500 mol photon are required to fix 30 mol N, and the molar mass of nitrogen is 14 g N mol N,

As shown in Eq. 3, the term 1 — exp (-Qs65G4) gives the effective projectedarea fraction of the
community (see also Appendix C ). In the case of light absorption of seagrass, the exponent is
multiplied by the leaf absorbance, A, toaccount for the transparency of the leaves, and sin
Bbiade toaccount for the orientation of the leaf. At low seagrass biomass, absorption at
wavelength A is equal to the Eq,AA 1Qs65GA Sin Bbiade, initially increasing linearly with biomass as
all leaves are exposed to full light (i.e. thereis no self-shading). As biomass increases, the
absorption by the community asymptotes to E44, at which point increasing biomass does not
increase the absorption as all light is already absorbed. These end points arise for the same
reasons as given in Eq. 3 for Ae.

Respiration

The seagrass model does not consider internal reserves of energy and nutrients, and therefore
cannot respire using energy from reserves like in the representation of microalgaein the
biogeochemical model (CSIRO Coastal Environmental Modelling Team 2014). Thus growth is
represented as net production, not gross production. Given growth timescales of many days,
this is a reasonable approximation for the purposes of estimating seagrass biomass, and daily
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fluxes of metabolites. To include respiration in the model the concept of a minimum light
requirement is used.

Critical thresholdsfor seagrass growth/decline are typically defined as “minimum light
requirements” (MLR), expressed as either percentage of surface irradiance (e.g. Duarte (1991))
orin daily dose in mol photon m™d™ (recently reviewed in Table 2.2 of York and Smith (2013)).
The latteris more helpful as it can be generalised to seagrass ecosystems outside of the study
area of interest. The daily dose measurements (MLR) are used in the model as theterm Ecomp
(mol photon m=2d™).

Minimum light requirements should only affect seagrassgrowth when light is the limiting
factor. Recent experimental work has suggested that daytime respiration may be significantly
larger than night time respiration (Rheubanetal. 2014). Hence we include the MLR inthe
model as a reduction of the photosynthesis rate. We will later assume (in Section 3.6) that the
mortality of above-ground seagrass nitrogen mass occurs approximately at a rate of {sca SGa
(ignoring the minor adjustment of this mortality rate due to the viable seedbank), and this rate
is assumed to be an order of magnitude larger thanthe below-ground loss (see parametersin
Table 2.3). We choose the daytime respiration rate kresp to balance light-limited growth and the
mortality rate when the daily light is equal to Ecomp. Observations from Gladstone Harbour

suggest that Zostera is unable to survive at lessthan 4.5 mol photonm™d™ (Petrouet al.

2013). Presuming this is for a leaf without self-shading (i.e. absorption given by A.QscSGasin
Buiade), the loss rate of photons through respiration is given by:

o o g 5500 1 o,
/‘—'rcsp =2 (E(-ompfngzb'G S11 ‘jblmh? - 30 ﬂCAS'CT".\‘) S (T‘—\ (0>

The respiration rate, kresp, is subtracted from the rate of absorption, k, togive the growthrate
ata particular light intensity. If kr.sp exceeds k;, then no growth occurs (Table 2.2). The factor of
two accounts for mortality occurring throughout a 24 period, but being onlyincludedin the
respiration calculations during daylight hours.

Finally, it is worth noting that the limiting termsfor nutrient uptake have units of one over
time, so that to compare rates of light limitation in mol photon m™s™, we need to divide by
the seagrassbiomass (Eq. 23).

Translocation between above- and below-ground biomass

Translocation has been shown experimentally to occur both upwards (Wetzel and Penhale
1979; Penhale and Thayer 1980) and downwards (Moriarty et al. 1986; Zimmerman and Alberte

1996; Kaldy et al. 2013). Translocationis modelled as a rate, Y, with a time constant, Tian, at
which the above and below ground biomasses approach a steady state, specified by a fraction
of below ground biomass, fvelow.

e

T == (.f’u low — ) (‘S'(f;\ =\ ‘S'(;[;) Tfl'vlll

This formulation, unlike previous ones used in seagrass models, allows translocation in both
directions rather thanjust downwards (Burd and Dunton 2001; Carr etal. 2012).
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Table 2.3 Constants and parameter values used to model seagrass. ? x2 for nighttime x2 for roots;

® Zostera - calculated from leaf characteristics in (Kemp etal. 1987;Hansen et al. 2000), Halophia ovalis
- calculated from leaf dimensions in Vermaat et al. (1995) - Qs can also be determined from specific
leaf area such as determined in Cambridge and Lambers (1998) for 9 Australian seagrass species;
Spectrally-re- solved values in Figure 41; ? Chapter II; ¢ loosely based on Kaldyetal. (2013);’ Thalassia
testudinum Gras et al. (2003);? Thalassia testudinum (Lee and Dunton 1999); " Chartrand et al. (2012);
Longstaff (2003); Roberts (1993).

Symbol  Zostera  Halophila Units
mauelleri ovalis
Parameters
*Maximum growth rate of seagrass HEAT 0.4 0.4 a2
PNitrogen-specific area of seagrass| Qsc 1: 1.9 (g N m—2)-1
“Leaf absorbance A ~ 0.7 ~ 0.7 =
dFraction biomass below ground Tetow 0.75 0.5 =
¢Translocation rate Teian 0.033 0.033 o
fHalf-saturation P uptake Ksap 96 96 mg P m—?
9Half-saturation N uptake Kson 420 420 mg N m—3
hCompensation scalar PAR irradiance Eeomp 4.5 2.8 mol photon m—2d-!
hLeaf loss rate N 0.03 0.06 d-!
hRoot loss rate Csap 0.004 0.004 d-!
Seed biomass as a fraction of 63 % cover fseed 0.01 0.01 =
‘Seagrass root depth Zroot 0.15 0.08 m
Sine of nadir canopy bending angle SIN Biade 0.5 1.0 =
Mortality

A linear mortality rate is defined for above ground biomass, {sga, transforming above ground
seagrass biomass into labile detritus at the Atkinson ratio. Additionally, seeds are represented
as a component of the seagrassbiomass that are unaffected by mortality. The fraction of the
total seagrass nitrogen biomass at 1/Qss that is seeds is given by fsees. Thus, the above ground
mortality is:

‘)5(._.;"4 = —(sc, (SGA . e .f,,,..u,,,.») (10)

Qsa

The inclusion of the terms indicating seed fractions fseeq in the above equation effectively
introduces a minimum of fseeaQsc for seagrass biomass in the model. This minimum represents
the seedbank, which is assumed to be always viable over the timescales of the simulations
performed here.
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The below ground mortality becomes:
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In equations (10) and (11), the factors (1 = feelow) and freiow respectively are included so that the
steady state for seagrass areasthat have reduced to only their seedbank possesses a fraction of
below-ground biomass equal to fyeiow.

Temperature dependence

Seagrass maximum growth rate and mortality rate, as well other biogeochemical process rates
such as remineralisation rates, have a temperature dependence that is determined from:

(T—Tyer)/10 )
rr = TTrefQ10 /) (12)

where rris the physiological rate parameter at temperature T, T.sis the reference temperature
(nominally 20°C), Q10 is the Q10 temperature coefficient and represents the rate of change of
a biological rate as a result of increasing temperature by 10°C.

2.3 Model configuration

The CSIRO Environmental Modelling Suite (EMS) has been developed over 20 years to model
coupled physical, optical, sediment and biogeochemical processesin marine and estuarine
environments (Wild-Allen et al. 2010; CSIRO Coastal Environmental Modelling Team 2014). The
hydrodynamic model isa fully three-dimensional finite-difference baroclinic model based on
the three dimensional equations of momentum, continuity and conservation of heat and salt,
employing the hydrostatic and Boussinesq assumptions (Herzfeld 2006; Schiller etal. 2014).
The equations of motion are discretized on a finite difference stencil corresponding to the
Arakawa C grid. In the vertical z-coordinate scheme, there are 20 fixed z-levels. The
atmospheric forcing products (wind, pressure, heat fluxes) are supplied by the Bureau of
Meteorology (BOM) reanalysis products. The local grid open boundary was forced with
temperature, salinity and velocity (with local flux adjustment) derived from the regional grid. A
semi-Lagrangian advection scheme is used to transport biogeochemical tracers. The sediment
model (Margvelashvili 2009) represents the processes of resuspension, sinking and flocculation
of 4 particle sizes.

The biogeochemical model is organised into 3 zones: pelagic, epibenthic and sediment. The
epibenthic zone overlaps with the lowest pelagic layer and the top sediment layer, sharing the
same dissolved and suspended particulate material fields. The sediment is modelled in multiple
layers with a thin layer of easily resuspendable material overlying thicker layers of more
consolidated sediment. Dissolved and particulate biogeochemical tracersare advected and
diffused throughout the model domain in an identical fashion to temperature and salinity.
Additionally, biogeochemical particulate substances sink and are resuspended in the same way
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as sediment particles. Biogeochemical processes are organized into pelagic processes of
phytoplankton and zooplankton growth and mortality, detritus remineralisation and fluxes of
dissolved oxygen, nitrogen and phosphorus; epibenthic processes of growthand mortality of
macroalgae and seagrass, and sediment based processes of phytoplankton mortality,
microphytobenthos growth, detrital remineralisation and fluxes of dissolved substances.

The biogeochemical model considers four groups of microalgae (small and large phytoplankton,
trichodesmium and microphytobenthos) and three macrophyte types (seagrass species Zostera
and Halophila, macroalgae). Photosynthetic growth is determined by concentrations of

dissolved nutrients (nitrogen and phosphate) and photosynthetically active radiation.
Autotrophs take up dissolved ammonium, nitrate, phosphate and inorganic carbon. Microalgae
incorporate carbon (C), nitrogen (N) and phosphorus (P) at the Redfield ratio (106C:16N:1P)
while macrophytes do so at the Atkinson ratio (550C:30N:1P). Microalgae containtwo pigments
(chlorophyll aand an accessory pigment), and have variable carbon:pigment ratios determined
using a photoadaptation model.

Micro- and meso-zooplankton graze on small and large phytoplankton respectively, at rates
determined by particle encounter rates and maximum ingestion rates. Half of grazed material is
released as dissolved and particulate carbon, nitrogen and phosphate, with the remainder
forming detritus. Additional detritus accumulates by mortality. Detritus and dissolved organic
substancesare remineralised into inorganic carbon, nitrogen and phosphate with labile detritus
transformed most rapidly (days), refractory detritus slower (months) and dissolved organic
material transformed over the longest timescales (years). The production (by photosynthesis)
and consumption (by respiration and remineralisation) of dissolved oxygen is also included in
the model and, depending on prevailing concentrations, facilitates or inhibits the oxidation of
ammonia to nitrate and its subsequent denitrification to di-nitrogen gas which is then lost from
the system. The optical model considers the processes of absorption and scattering by clear
water, coloured dissolved organic matter (CDOM), non-algal particulates (NAP) and
phytoplankton cells. First the inherent optical properties (IOPs), such as total phytoplankton
absorption at a specific wavelength, are calculated from the model state variables (e.g.
phytoplankton chlorophyll biomass) and model parameters (e.g. cell radius). The optical model
then solves for the apparent optical properties (AOPs), such as the spectrally-resolved scalar
irradiance, from the surface downwelling light field and the IOPs. The optical modelis solved at
23 wavelengths (CSIRO Coastal Environmental Modelling Team 2014).

The Gladstone Harbour hydrodynamic model configurationis based on Herzfeld et al. (2004),
with the inclusion the Calliope and Boyne Rivers to the top of their tidal limits (Herzfeld et al.
2015). The model has two boundaries, an ocean boundary and flow from the north through the
Narrows. Two rivers are represented as point sources of water and catchment loads (Table 2.4).
The ocean boundary conditions are space and time varying for hydrodynamic and
biogeochemical quantities was supplied from the 4 km resolution eReefs model (Schiller et al.
2014).

The simulation was run from 1 September 2010 through to 1 September 2012. The initial
conditions for the water column and sediment properties were downscaled from the eReefs
model initial conditions for 1 September 2012. Initial seagrass distributions for Zostera were
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0.01/ Qss, representing 1% of seagrass coverage, inareas identified in the Mackenzie seagrass
database as having seagrass in the last 20 years. In contrast Halophila was given a biomass of
0.01/ QscH everywhere. The below ground fraction was initialised as SGs = frelow SGa for both
species.

Table 2.4 River boundary conditions based on Gladstone Harbour and Tributaries Comparison of
Current and Historical Water Quality October 2011, and setting from “drytropical” riversin eReefs.

Constituent Symbol  Calliope  Boyne
Diss. Inorganic Carbon [mg m ™3] bic 6000 6000
Diss. Inorganic Phosphorus [mg m_3] P 4.2 4.2
Ammonia [mg m ™3] [NH4] 0.1 0.1
Nitrate [mg m™3] [NO3] 171 171
Total Alkalinity [mmol m ™3] AT 900.0  900.0
Dissolved Oxygen [mg m_3] [O2] 5854 5854
Labile Detritus Red [mg m ™3] DRred 43.5 43.5
Labile Detritus Atk [mg m3] Datk 0 0
Ref. Det. Carbon [mg m~3] Dc 670 670
Ref. Det. Nitrogen[mg m~3] Dn 101.5 101.5
Ref. Det. Phosphorus [mg m™3] Dp 22.4 22.4
Diss. Organic Carbon [mg m~3] Oc 528 528
Diss. Organic Nitrogen [mg m_3] On 80 80
Diss. Organic Phosphorus [mg m_3] Op 5.8 5.8

76 | Towards an integrate d study of the Glads tone marine system



3  Results andDiscussion

3.1 Brief summary of circulation, optical properties and
biogeochemistry

The effect of circulation on water quality can be summarised by the mean duration a parcel of
water spendsin the estuary. A spatially-resolved age tracers (Mongin and Baird 2014; CSIRO
Coastal Environmental Modelling Team 2014) shows that the longest 'residence’ time of water
in the estuary was during winter and spring, suggesting that during these times ocean flushing
is less likely to improve water quality, with autumn being the period of most ocean influence
(Figure 42).

b

Spring ¥ : Summer

Mean age [ d] Mean age [d]

Autumn Winter

v

Mean age [d] Mean age [ d]

Figure 42 Spatially- and seasonally- resolved age of the water within Gladstone Harbour.

The in-water light field in Gladstone Harbour is dominated by the tides. The large tides (up to
+3 m), and the intermittent and often extremely low freshwater input, provide the major
source of suspended particles to the water column. The settling time for particlesis longer than
the slack period between flood and ebb tides in the semi-diurnal signal. Thus, the dominant
determinant of the vertical attenuation of light is the point in the neap-spring tidal cycle, and
the amount of total suspended solidsthatare resuspended.

Anintegra ted study of the Gladstone marine system | 77



3.2 Modelled seagrass distributions

The spatial distributions of biomass of Zostera (Figure 43) and Halophila (Figure 44) at the
conclusion of the 2 year run are shown. The intention of this chapteris to illustrate reasonable
behaviour of the two species implementation of the model, rather than an exhaustive model
assessment. A more detailed comparison will require including more realistic forcing, and in
particular the poorly-quantified dredge plume sources of total suspended solids.

The model predicts high Zostera biomass in shallow watersof Pelican Banks with some viable
meadows off Quoin Island (and also Wiggins Island - data not shown). In the deeper waters of
Pelican Banks, as well as off Facing Island, QuOin Island and Wiggins Island Halophila biomass
has stabilised. Generally Zostera dominates shallow waters, and has a higher above ground
biomass than Halophila. Observations of Zostera biomass in 2014 at Pelican Banks show
patterns of distribution similar to those predicted by the model (Chapter 11, Figure 36), and the
long-term boundaries of the seagrass beds at Pelican Banks (Map 9 in Bryant et al. 2014) show
a high level of similarity with model outputs.

Variationin biomass observed across the seagrassbed at northern Pelican Banks (Chapter I,
Figure 35) is probably due to small scale variations in the depth of the substratum which is
present at spatial scales finer thanthe resolution of the model. Distribution of Halophila was
similar to that of Zostera, indicating that they co-occurred, rather than Halophila being totally
outcompeted by Zostera. Inthe field the patchy nature of seagrassgrowth probably allows for
micro scale variations that allow Halophila to persist in the presence of Zostera. The highest
observed cover of Zostera on the Pelican banks was 90% but cover was usually much lower
(Chapter II).

The observed maximum depth of seagrass on Pelican Banks South was -1.76 m relative to the
datum (Chapter I, Table 3.3). Thisis similar to the ~2 m limit seen in the model within the
northern section of the harbour (compare distributions in Figure 43 and Figure 44, with
bathymetryin Figure 46). Noting there are uncertaintiesin model bathymetry resolved ona
200 m grid, and in fact the modelis based on mean sea level relative to the datum itself, this is
a reasonable model performance. Note that the seagrass depth range is an emergent property
of the model, a result of the balance between (generally) light-limited growthand mortality.
Thus depth rangeis a good integrated metric of model skill, and on this metric the model has
good skill.

There is a generalagreement over prediction of both Halophila and Zostera biomass.
Observations have a maximum shoot dry weight biomassof 25 + 5 g DW m™ (Chapter |1, Table
3.1), while the model can reach 50 g DW m-*.This will be partly due to the model not
containing some port activitiesthat reduce water transparency, and therefore bottom light. It
should also be noted that some of the regions were heavily grazed by turtles (see Chapter V),
and that the observed seagrasses have a lower aboveground to belowground biomass ratio
(Chapter Il), perhaps also an indication of grazing. While mortality is included in the model, it
may be under predicted. The predicted biomass is closer to the mean of the 2002-2012
observations described above.
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Model Zostera biomass [g DW m'g]
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Figure 43 Modelledbiomass of Zostera at the conclusion of the 2 year run. Grey s land.

Model Halophila biomass [g DW m'2]

-23.74

-23.76

-23.78

-23.8

-23.82

-23.84

-23.86

Historical presence
I

-23.88
151.24 151.26 151.28 151.3 151.32 151.34

Figure 44 Modelled biomass of Halophila at the conclusion of the 2 year run. Grey is land.
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To investigate the dynamics of seagrass, Figure 45 plots model output from 00:00 8 Aug 2012
10 00:00 12 Aug 2012. The PAR radiation just below the surface is relatively high as a result of
clear skies typical of August. The daily peak on the four days shown is nearly identical (thin blue
line, Figure 45). In contrast the daily cycle of light at the top of the seagrass canopy varies
significantly between days, a result of changing water column vertical attenuation, Kq490(green
line), and water column depth (black line). At Pelican Banks, where the low tide during the 4
days corresponds with approximately zero water depth, and low tide occurs in the early
daylight hours, the light at the bottom is equal to the light at the surface. Asthe tide rises, the
fraction of light reaching the bottom reduces. Atthe deeper Facing Island meadow, the impact
of varying Ka,490 is more pronounced. A further complication arises because the highest levels of
vertical attenuation are associated with low tide, particular at Pelican Banks, due togreater
resuspension in shallow waters.

The contrasting light levels above the seagrass canopies hasresulted in Zostera dominating at
Pelican Banks, and Halophila at Facing Island. Over the 4 days shown, the mean daily dose of
photonsis approximately 8.7 and 1.8 mol m™ at Pelican Banks and Facing Island meadows
respectively. At Pelican Banks bottom light is well above the minimum light requirement of
both species (4.5 and 2.8 mol m™ respectively), and so Zostera s able to thrive. At a biomass of
1.6 g N m~, Zostera covers 1 - exp (-Q5Ga) = 0.91 of the bottom. The light remaining after
passing through Zostera, ~ 8.7 x 0.09 = 0.78 mol m™ d ! is insufficient for Halophila to survive,
and hence its biomass has decreasedto zero.
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Figure 45 Model output atasite on Pelican Banks (left) with atotal depth of 1.03 m below mean sea
level, and a site on Facing Islandmeadow thatis 1.99 m below meansea level (right). Top panels show
PARjust belowthe water surface (thin blueline) and at thetop of the seagrass canopy(thick blue
line), vertical attenuationat 490 nm (green) andthe sea level (black line, amplitude ~ 2 m). Bottom
panels show biomass (lines) and production (dash-dot) for Zostera (black) and Halophila(red).
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At Facing Island, the bottom light during these four days is well below that required for Zostera,
and therefore Zostera’s biomassis decreasing. In contrast with no shading by Zostera,
Halophila has been able to grow. The estimated mean bottom light level is slightly below the
minimum light parameter for Halophila, but it has been able to increase slightly biomass
through the 4 day period. The two-hourly estimate of bottom light level, combined with
processes such as translocation, have affected the growth calculation. Generallyin the model
Halophila cannot grow much below 2 m (compare range in Figure 44 with Figure 46) in the
relatively turbid waters inside the harbour. These results for Zostera are in accordance with
observations which show lower biomasson Facing Island than at Pelican Banks (Chapter II).

23.6S - i
Depth [m]

Coral Sea

1514 E 1515 E 151.6 E 151.7 E

Figure 46 Model grid, showing modelbathymetry resolvedto50 an intervals by the colour map,
meadow ssites used in the model-observation comparison, and black line contours showing the local in
which seagrasses have beenobserved historically (McKenzie et al. 2014). Pelican - Pelican Banks;
Facing - meadow east of Facing Island; North Banks - meadow extended east from Quoin Island
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3.3 Parameter uncertainty

In terms of the technical aspects of model development, the goal of the GISERA seagrass modelling
effort was to develop a new seagrass model that provides a relatively detailed process-based model
of seagrass, but that did not add unnecessary uncertainty to an already complex 60 state variable
shallow-water biogeochemical model. The model contains two state variables, above- and below-
ground biomass, and 13 new parameters(Table 2.3). Of these 13 parameters, four have clear
physicalinterpretations (Qsg, AL, Sin Bbiade, Zroot), and can be considered well-constrained for a
particular species. The remaining nine parameters represent physiological rates, with species-

max

specific data available for the four (tsc ™, foeiow, Ecomp, {sca). The remaining five parametersare
constrained by values common across seagrass species (Tiran, Ks,r , Ksg,n) Or are unsupported

estimates (fseed, {s6s).

The most important parameter for the prediction of seagrass biomassis the nitrogen-specific leaf
area, Q, as this parameter relates biomass to both fraction of the bottom covered and light capture.
In some cases in the literature this parameter has been determined as a carbon-specific, or dry
weight specific leaf area (Cambridge and Lambers 1998). We use a nitrogen-specific value because
the biogeochemical model has nitrogen as its main currency, but the two are interchangeable using
550 mol C: 30 mol N. Observations show seagrass C:N:P ratios vary from 550:30:1 with nutrient
status, although the carbon-specific leaf area indexis unlikely to be a function of nutrient status. If
C:N ratios do vary significantly from 550:30:1, it is most appropriate to use the carbon-specific leaf
area, and convert to nitrogen-specific using 550:30.

Nitrogen-specific leaf area varies across species by up to an order of magnitude, but is well
constrained for anindividual species (Cambridge and Lambers 1998). If the parameter represents
the dominant species, or asin this report by two dominant species, then errors due to specification
of Q are small. Like-wise the other physical variables, if specified for a particular species, are well
constrained.

max

The physiological variables have varying uncertainty, with multiple estimatesin the literature of ™",
foetowand Ecomp. The size of the seed bank, fsees, although poorly known only affects the model at low
seagrass biomass. The largest errorsintroduced in this application were due to the uncertaintyin
mortality of above and below ground biomass. The model was calibrated by varying these mortality
parametersto obtain the best fit to observed data. The parametervalues obtained seem to
represent reasonable values for a parameter that represents many processes (grazing by animals,
shoot displacement, etc.). Thus, based onthe practicality of applying the seagrass model, and its
performance in Gladstone Harbour, we find this model has struck a workable balance between

model representation and model complexity.

3.4 Analytical results

In the model, the light-limited net production of seagrass is a balance between growth, respiration
and mortality. To undertake an analysis of the model behaviour, we simplify the calculations by (1)
assuming a PAR-integrated light field, (2) excluding translocation, (3) setting seed fractionsto zero,

(4) assuming growthis not limited by nutrients, (5) averaging the seagrass biomass dynamics over
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greater thandaily timescales, and (6) considering one spatial location. Using these assumptions,
togetherwith Egs. 19, 23, 28 and 29, we can approximate the rate of change in above-ground
biomass by:

dSG4
dt

max

= 1min [(,“.s'(_; — CsGa) 9Ga,
30x14
5500

(EP AR (l . (i_-\LQSGS(-"A sin ,f“mh>
. E"m'nnpf1 I.QS(.'S(;.—\ sin ‘))blurl( )] ) ( 1‘3)

where Epar (molm™d™) is the downwelling PAR at the top of the seagrass canopy.
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Figure 47 Numerical solution to the light-limited normalised (by (ALQ s sinBoiace)(n ™" - & sea)) net
SG

production, dSGa/dt, as a function of the above-ground seagrass biomass SGaand photosynthetically active
radiation, Epar. The above-ground seagrassbiomass, SG,, is normalised by the wavelength-averaged leaf
absorbance, A,, nitrogen-specific leaf area, (3, and the sine of the leaf bendingangle Sy Three analytical
solutions are shown:the line of zero net production (black,Eq.~B.3~and>B.4), the line of minimum biomass
at which biomass production is light-limited (blue, Eq.B.5), and the line of maximum net production
(magenta, Eq.B.6).

Figure 47 characterisesthe behaviour of seagrass dynamics predicted by Eq. 13. In this contour plot,
the net production dSG./dt is expressed as a function of downwelling PAR (x-axis) and above-ground
biomass SGa (y-axis). To explain the relationship between biomass production, biomassand light,
three additionallines are plotted, representing: stable biomass (blackline), maximum net
production (dashed magenta line) and the boundary (blue line) between production limited by
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available light (“light-limited” region) and production limited by the maximum growthrate, usc™,
(“light-replete” region). The line of stable biomass (black line) indicates that seagrass decline is
predicted when Eparis below the minimum light requirements Ecomp, here assumed to be 5 mol m™

d™. This line also shows that seagrass growthis predicted when Epag > Ecomp, and the stable seagrass
biomass increases with light availability.

The boundary between light-replete and light-limited regions (blue line) indicates that seagrass
growthis unhindered by light only when both (1) light availability is sufficiently high and (2) biomass
is sufficiently low so that biomass production is not significantly reduced by self-shading. In the light-
replete region, the contours of dSGa/dt = 0 are horizontal because biomass production is
independent of light availability; physically this indicates that seagrass growthis only limited by the
maximum growth rate of seagrass.

Maximum net production (dashed magenta line) occurs at a biomass largerthanzero but less than
the stable biomass value (black line). Maximum net production occurs at an optimal biomass that is
sufficiently high for growth but sufficiently low so that mortality does significantly reduce net
production. In the “light-limited” region, the contours of constant dSG»/dt tend towards a linear
relationship between biomass and PAR at high biomass because this represents the physical
situation where seagrass has reached 100% coverage, and hence production then becomes linearly
relatedto PAR (in the absence of other physiological limitations).

In summary, Figure 47 can be used to interpret the effect of a two dimensional light field on the net
production of an exponentially-saturating bottom coverage with a biomass-dependent loss terms
the fundamental geometric characteristics on which the seagrass model developed here has been
formulated.

3.5 Parameterisation of physiologicaladaptations of seagrass to
light limitation

Under low light conditions, a number of factorsin the seagrass model determine the relative rates of
survival of the Zostera, Z, and Halophila, H -

1) Accessto light. Zosterais assumed to grow taller than Halophila. As a result, it grows based
on the downwelling irradiance at the bottom of the water column. Halophila grows based on
the downwelling irradiance after ithas passed through Zostera. Thus Zostera is at a
competitive advantage, which can be quantified under light-limiting conditions as the ratio
of the absorbed light per unit area, R:

R — / Eqwe Az Z (1 — exp(—Qz2Z)) dA

V7 J (= EqwerAurZ(1 — exp(—Qz2)) AurH (1 — exp(—Qu H))

(14)

At low biomass of Zostera and Halophila, R > Z Az/ (H Ax). Thus at low biomass, the
competitive advantage s partly due to the ratio of absorbance of the leaves, A, although
these are likely to be similar, and the relative biomass of the two species. That is, under
exponential growth, starting with a higher initial biomass is a competitive advantage. At high
biomass of Z, irrespective of the biomassof H, R = o=. At low biomassofZ but intermediate
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to high values of Halophila, R - AzZ/ (H An (1 - exp(-Qx H))). Thus the competitive
advantage of Halophila diminishes as it self-shades itself.

Leaf to root fraction. The light absorbed by each species is used to synthesise organic
matter. Ifthat energyis used to increase leafarea, then the net photosynthesis may
increase, whileiif it is assigned to roots, photosynthesis is not increased. Halophila is
assumedto have a greater ratio of above ground biomass to below ground biomass, making
it better adaptedto low light, nutrient replete conditions.

Energy requirement to synthesise leafarea. One over the nitrogen-specificleafarea, 1/Q,
quantifies the nitrogen required to create a leaf of 1 m?, assuming no losses. Thus, the
photons required to create a 1 m’leaf is given by (5500/30)(1/14)(1/Q). Under low-light, low
biomass conditions, a high Q createsa bigger surface area per incident photon, more quickly
increasing the leaf area favouring Halophila over Zostera. At high biomass, where coverage
approaches 100 %, a large Q is of no benefit.

Seed fraction. A higher seed fraction allowsthe biomassto reach full coverage quicker than
a low seed fraction. In the model both have the same fraction.

Mortality. A low mortality rate is useful especially at high coverage, as mortality is a function
of biomass while energy supply is not. Halophila has a higher mortality rate for above
ground biomass.

Leaf orientation. A leaf oriented towardsthe light (sin Buiade = 1) will more effectively capture
light. At low biomass, a seagrass meadow will absorb more light with a larger value of sin
Bbiade, although as biomass increases, the light captured becomes less depended on leaf
orientation as self-shading becomes important. Halophila has value of sin 8piade=1, while
Zostera has a value of 0.5. Thus, at low biomass Halophila is better adapted to low light.

3.6 Summary

In summary, we have developed a new model of seagrass growth and loss that has detailed physical
representations of the limiting processes of light and nutrient availability, but has a relatively simple
representation of physiological processes. This balance was chosen due to the need to use the
seagrass model in a complex estuarine biogeochemical model. When applied, the model provides
reasonable estimates of seagrass biomassin Gladstone Harbour. Further, analytical results are used

in a schematic diagram to illustrate the impact of light levelsand canopy density on net production.

The most interesting aspect of the model for modellers of benthic communities is the use of the for
1 - exp(-QSGa) to relate biomassto percent coverage. The formis derived from first principles, and
is applied successfully using geometric, not empirical, meansto determine the value of Q. As such, it
offersboth theoretical and practical advantages over empirical carry-capacity style formulations
commonly used.

The seagrass model developed in this chapter, when coupled to the spectrally-resolved optical
model detailedin CEM (2014), provides a new ability to capture well-known, but previously
unmodelled, processes thatimpact seagrass communities. These include:

Seagrass growth depending on the spectral quality of the light reaching the bottom.
The modelling of multiple species types.
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e The representation of above-ground and below-ground biomass, and translocation between
the two.

e The representation of spectrally-resolved multiple sources of water column scattering and
absorption.

e The inclusion of nutrient uptake from multiple depths of the sediments.

These new advances, in combination witha comparison of modelled and observed seagrass
biomass, provides confidence that the seagrass model developed here can represent processes
important for predicting the impact of environmental stressors on seagrass communities. This
confidence s critical in the application of the seagrass model developed here in the eReefs marine
modelling system, and in the Gladstone Healthy Harbours Partnership.
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Chapter IV Port Curtis
Turtle Movement

and habitat use

Richard Pillans, Gary Fry, Russ Babcock, Wayne Rochester, Toby Patterson, Col Limpus




1 Introduction

The greenturtle (Chelonia mydas) is found worldwide in tropical and sub-tropical coastal regions of
the world (Bowen et al. 1992). It is classified as vulnerable under the Australian Environment
Protection and Biodiversity Conservation Act (1999) and endangered under the IUCN (2014) Red List.

The greenturtleis a large, long-lived, herbivorous reptile that grazes on seagrassand selected
marine macroalgae in shallow tropical and temperate waters throughout the world (Bjorndal et al.
1997). Greenturtles undertake significant migrations as juveniles and adults. During their oceanic
phase, juvenilescan move at anocean basin scale while adults have been recorded moving
thousands of kilometres between feeding and breeding grounds (Limpus et al. 1992). Several studies
have foundthat aggregations of turtles at a feeding ground are derived from several genetically
distinct breeding populations (Lahanaset al. 1998; Bass and Witzell 2000; Luke et al. 2004; Dethmers
et al. 2010) with each foraging population referredto as a ‘mixed stock’. Within Australia, Dethmers
et al. (2010) identified 7 distinct breeding populations, of which the Southern GBR population
represents a genetically distinct stock.

Female greenturtles reproduce at intervals of three years or greater (Limpus et al., 1994b) whereas
males are recorded at nesting sites on average everytwo years (Limpus, 1993a). Mating commences
in mid-September, peaks in October and ceases by about mid-November (Limpus, 1993). Nesting
commences in mid to late October, peaks in late December—earlyJanuaryand ends in late March
early April (Bustard, 1972). Hatchlings begin to emerge from late December until May with a peak in
February—March.

There is a large degree of variation in the extent of dispersal between feeding and breeding grounds
with individuals at a breeding ground coming from feeding grounds as close as 8 km awayto greater
than 2000 km away (Limpus et al. 1992). Individual females have been shown to faithfully migrate
between their breeding areasand resident feeding areas(Limpus et al. 1992; Balazs 1994; Troeng et
al. 2005).

As a result of this life history strategy, anthropogenic mortality on feeding grounds hasthe potential
to impact multiple populations with Dethmerset al. (2006) identifying 17 genetically distinct
breeding populations withinthe Indo Pacific, including seven within Australia.

Immature and adult greenturtlesforage in tidal and sub-tidal coral and rocky reefs, seagrass
meadows, and sand and mudflats primarily for seagrass, algae, mangrove leavesand fruit, and
occasionally on jellyfish, egg masses, dead fish and small crustaceans (Limpus 2008). Arthur et al.
(2008) showed that adult and large immature turtles had similar isotopic signaturesand were both
significantly enriched in 613C when compared with hatchlings and smallimmature turtles supporting
observationsthat juveniles consume more algae than seagrass. Immature green turtlesin Moreton
Bay have ben show to feed on both seagrass and algae, with most feeding selectively on algae
(Brand-Gardner et al. 1999, Brand et al. 1999), primarily Gracilaria which was the most frequently
selected food item even though it was not abundant within the study area. The seagrass, Zostera
muelleri, was the most abundant potential food item within the study area but was one of the least
selected. Similarly, Read and Limpus (2002) examined diet of juvenile greenturtles at Moreton
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Banks and demonstrated that although turtles foraged on seagrass, they demonstrated a preference
for Halophila ovalis and red algae (Gracilaria cylindrica and Hypnea spinella).

Greenturtles at Shoalwater Bayfed primarily on seagrass (mainly Zostera muelleri and Halodule sp.)
but also consumed red algae, filamentous cyanobacteria and small amounts of animal material.
Some studies have shown no difference in the diet of males and females and diet of juveniles,
subadults and adults were similar (e.g. Arthur et al. 2009). More detailed studies of turtle habitat use
in western Shoalwater Bay have shown, however, that differentage classes of turtlesare utilising
different habitats. Small immature individuals occur mostly in the upper intertidal mangrove forest
and rocky habitat, and in drainage guttersacross the flats. Adults and large immature turtlesare
more frequently encounteredin the midintertidal to subtidal waters (Limpuset al. 2005).

In additionto these ontogenetic shifts in diet and habitat use, diet may vary seasonally and among
years. Diet composition was found to differ between subsequent sampling years primarily due to the
quantity of seagrass (mainly Halodule sp.) in the diet and the presence of Lyngbya majuscula. Inter-
annual variation was attributed to changes in seagrass density (Arthur et al. 2009). The diet of
juvenile greenturtles in Hervey Bay was shown to vary seasonally with samplestaken in autumn and
winter (Cameron 2007). Hazel (2009) demonstrated that greenturtles utilised different dayand
night areas, and depth at night wasgreater than duringthe day. These short term data were
consistent with intermittent observation (visual — Bjorndal 1980; and acoustic — Mendonca1983;
Renaud et al. 1994; Taquet et al. 2006) and from short-term records of diving behaviour (Hazel et al.
2009; Makowski et al. 2006; Seminoff et al. 2001) and support the theory that green turtles prefer to
travel and forage by day and then rest much of the night. Alternating bands of seagrassand
mangrove materialin the alimentarytract has led some authors to suggest that for turtles inhabiting
intertidal areas adjacent to mangroves, turtles move into the mangroves at high tide to feed on
mangrove propagules and leaves (Arthur et al. 2009; Limpus and Limpus 2000). In the future data
collected from acoustic telemetry may enable us to determine the extent of diel differencesin
habitat use.

Thousands of greenturtles have been tagged along the Queensland coast since the 1970’s. Although
recaptures of taggedanimals can demonstrate long term fidelity of juvenile and adult green turtles
(Limpus and Read 1985; Hirth et al. 1992; Limpus et al. 1992) as well extensive breeding movements
and return to foraging areasat the end of breeding migrations (Limpus et al. 1992), they do not
provide data on the extent of habitat use and movement betweenrecaptures. Active acoustic
telemetry has been successfully used to obtain short term (days to weeks) (Renaud et al. 1994;
Whiting and Miller 1998; Seminoff et al. 2002; Makowski et al. 2006) as well as medium term (<12
months.-.MacDonald et al. 2012; Hazel et al. 2013) data on movement and habitat use. The majority
of acoustic telemetrystudies conducted to date are limited to a few individuals monitored for short
time periods that do not encompass seasonal or annual variability. Satellite telemetry has also
successfully been used to investigate breeding migration (Spring and Pike, 1998) and habitat use in
greenturtles (Gredzens et al. 2014), however there are surprisingly few published papers within
Australia.

Marine turtles are threatened by a range of anthropogenic factors including habitat loss, increased
mortality associated with boat strike, entanglementin fishing gear, disease and pathogens
(Lutcavage et al. 1997). With intensifying coastal development occurring alongthe easterncoast of
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Australia, there are many habitatsincluding seagrass beds and coral reefs, which are becoming
increasingly vulnerable to anthropogenic change (Duarte 2002; Erftemeijer and Lewis 2006).

The port of Gladstone supports a wide range of coastal marine habitats, including rocky and coral
reefs, tidaland sub-tidal seagrass meadows, mangroves and soft-bottom habitats, which provide
habitat for a number of threatened species including not only the green turtle (Chelonia mydas) but
also loggerhead (Caretta caretta), hawksbill (Eretmochelysimbricata), olive ridley (Lepidochelys
olivacea) and flatback (Natator depressus) turtlesas well as dugong (Dugong dugon). In addition to
Moreton Bayand Shoalwater Bay, the Port Curtis region has been recognised as an important
feeding ground of the southern Great Barrier Reefgenetic stock of greenturtles (Limpus 2008).

Gladstone Harbour is the largest industrial port in Queensland and has received considerable media
attention with respect to water quality, habitat modification and reduced health of fish, crabs and
turtles. Seagrass cover within Port Curtis has declined significantly in recent years which have been
attributed to the cumulative influence of increased rainfall (McCormack et al. 2013).

The health of turtles within Gladstone Harbour has been a source of particular concern in Gladstone
following highrainfall years in 2010 and 2011. A strong La Nifia event on the south-western Pacific
Ocean with associated cyclone activity brought heavy, prolonged rainfall to most of coastal eastern
Queensland during December 2010 and January 2011, producing the wettest summer on record for
Queensland (BOM 2012). This resulted in extreme flooding of a number of rivers along the
Queensland coast, including the Fitzroy, Calliope and Boyne Rivers, and had significant impacts on
the local coastal environment. Reductionsin biomass of seagrass beds in the Gladstone area were
partly attributed to increased turbidity and settling of silt on seagrass meadows (McCormacket al.
2013) which are important feeding grounds for resident populations of greenturtles and dugongs.

Immature greenturtles from Gladstone were in poorer body condition when compared with
immature green turtlesfrom other Queensland coastal regions in 2011 (Limpus et al. 2012).
Stranding records between 1996 and 2011 showed that during 2011 there was an increase in the
number of turtle strandings along the Queensland coast with proportionally more records from
Gladstone Harbour, where 323 turtle strandings were recorded (Meager and Limpus 2012).
Increased mortalityin 2011 was attributed to the disturbance of seagrass meadows by extreme
weather eventsin 2010 and 2011, however more than 10% of strandings in Gladstone regionwere
due to boat strike (Meager and Limpus 2012). Within the Gladstone region, the number of turtle
mortalities attributed to boat strike in 2011 was more than seven times greater than previous years
and coincided with both increased port development (traffic) and reduced food availability. Flooding
in 2011 which resulted in the overtopping of Awoonga dam on the Boyne River also resulted in a
large number of mature barramundi (Lates calcarifer) entering coastal systemsin Gladstone
Harbour. These fish were targeted by commercial net fishers with an increased level of fishing
activity also potentially impacting on weakened turtles (C Limpus pers. comm.).

Flint et al. (2014) examined the health of 56 live turtlesand 11 stranded turtles from Gladstone
Harbour in 2011 and showed live animals were twice as likely to present in an unhealthy state
compared to animals from Moreton Bay or Shoalwater Bay. Flint et al. (2014) suggest that there was
an underlying environmental process that predisposed animals to acute or secondary pathologies
following environmental stressors (e.g. flooding and resulting decline in seagrass). Flint et al.
concluded that the cumulative naturaland anthropogenic disturbances (in Queensland largest
industrial port) may have been significant contributors to the increased strandings. This was
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supported by a study on metal levelsin the same 56 turtles. Gaus et al. (2012) found levels of
arsenic, cadmium, cobalt, mercury, nickel, selenium, and vanadium were present at levels well
above those reported for greenturtles and other marine megafauna speciesfrom other locations.
The levels reported were near or above acute tissue based effect concentrations reported across
variousvertebrate taxa (Gausetal. 2012).

The increased risk of vessel strike during construction of the LNG loading facilities, as well as during
the operational phase of LNG export, has been identified as a threatening processto greenturtles
(http://www.westernbasinportdevelopment.com.au/marine-megafauna-plant-life-turtles). The main
issues were direct impacts on marine mammals and/or turtles from vessel transport, leading to
injury or mortality as well as changes in behaviour (avoidance—migration, foraging, breeding)
(Australia Pacific LNG Project Appendix | - Marine Mammal and Turtles Management Plan LNG
Facility).

The objectives of the research described in this chapter are to better understand the risk of boat
strike from commercial vessels operating in Gladstone Harbour the habitat use, home range, depth
range and site fidelity of green turtles were investigated using a combination of acoustic and satellite
telemetry. Knowledge of habitat usage is essential for conservation planning, and areas of high
animal density and/or increased mortality risk to populations should be considered for future
regulations and zone protection. These data, in combination with data on habitat distributionand
shipping patterns, also form one of the key bases for risk modelling (Chapter V) of greenturtle
populations in relationto shipping movementsin Gladstone harbour and as such are vitalto
informing any potential management decisionsin relation to risk minimization.

Concernswere also held for dugong (Dugong dugon) in Gladstone Harbour, similar to those for
greenturtles. It was decided not to extend GISERA program to dugong in Gladstone harbour since at
the time the study started dugong were rare inthe harbour and there concernsthat they may be
under stress due to a range of factorsincluding recent flooding, low seagrass cover and increased
shipping activity. However GISERA was involved in trial dugong tagging in a proof-of-concept study
in Moreton Bay (Zeh et al. 2014) which showed that acoustic tracking of dugong was not only
feasible but that it was highly successful (Appendix D). In the future this knowledge may prove
usefulin Gladstone for the ongoing monitoring of dugong.
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2 Methods

2.1 Study areas and acousticreceiverarray

Acoustic receivers (Vemco VR2Ws) were deployed in Gladstone Harbour to monitor the movement
of taggedturtles around Pelican Banks and Wiggins Island (Figure 48, Appendix E ). Pelican Banks
was selected as an example of comparatively optimal habitat for turtles as it has relatively high
seagrass cover onthe northern side of the channel and extensive, intertidal and subtidal sand flats
with subtidal channels up to 6 m deep (Figure 49). Vessel traffic outside the main channel at Pelican
Banks is primarily recreational craft (4—7 m in length) usually travelling at high speed (in excess of 15
knots) either outside or within the channel. A vehicle ferry and smaller (<20 m in length) commercial
vessels utilise the channel on a daily basis and operate at lower speeds (<10 knots).

The Wiggins Island area provided an example of a location more heavily influenced by port activities
as it is adjacent to LNG loading facilities on Curtis Island as well as the Wiggins Island Coal Loading
terminal. This area had very little seagrass at the time of our study and was predominantly bare
sand/mud with some rocky reef/rubble areasadjacent to Wiggins Island and access to intertidal
Mangroves via narrow channels. There s a shipping channel between CurtisIsland and the
sand/mud flats adjacent to the mainland with water depth greaterthan 20 m (Figure 50). At Wiggins
Island, traffic over the intertidal areasat high tide is restricted to smaller vessels (<6 m) generally
travelling at high speed. Along the edge of the channel and the shipping channels, boat trafficis

high. The majority of this trafficis of a commercial nature with high speed transport, barges, tugs
and bulk tankers using the shipping channel.

The array of receiversconsisted of 21 receivers at Pelican Banks and 25 at Wiggins Island. Receivers
were spaced 600-800 m apartand attachedtosubsurface moorings made of railwaytrackin water
depth >5 m or on screw anchors in water <5 m. Receiverswere held above the substrate by
subsurface floats and were between 1-3 m above the substrate depending on the depth. Permission
to deploy temporary moorings within Port Curtis was obtained from Maritime Safety Queensland.
Dredging and high traffic adjacent to the LNG processing wharfon Curtis Island prevented us from
placing receivers on the northern side of the shipping channel adjacent to this area. Similarly,
construction of the Wiggins Island Coal loading facility prevented us from deploying receivers
immediately to the north and north east of Wiggins Island.
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Figure 48 Map of Gladstone Harbourand acousticreceiverarrays. Location of acousticreceivers (red dots)
shown at Wiggins Island and Pelican Banks.
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Figure 50 Map showing receiver locations (green circles) adjacent to Wiggins Island
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2.2 Turtlecaptureand handling

GreenTurtles (Chelonia mydas) were captured around Wiggins Island and Pelican Banks in May and
November 2013. Turtles adjacent to Pelican Banks were captured by EHP (Queensland Department of
Environment and Heritage Protection) staff and volunteers by jumping on them from moving vessels
over intertidal and subtidal flats (rodeo method; as described in Limpus and Walter 1980). Around
Wiggins Island, the low visibility precluded this standard method as a viable means to capture turtles.
Fifteen turtles around Wiggins Island were capturedin gillnets with a mesh size of 22 cm set across
mangrove drains on the ebb tide. Nets were monitored continuously and as soon as a turtle became
entangledin the net, the animal was removed. One additional turtle was capturedin a 300 m seine
net adjacent to Wiggins Island at high tide.

Captured turtles were taken back to shore and processedin the Queensland Parks and Wildlife
precinct in Gladstone. All capturedturtles were double tagged with titanium flipper tags, measured
for midline curved carapace length (CCL, = 0.1 cm) and weighed on a spring balance (+ 0.5 kg, if over
30 kg) or on an electric balance (+ 0.01 kg, if under 30 kg). Turtles capturedin May 2013 were
examined by laparoscopy (carried out by Colin Limpus) to determine the sex, maturity and breeding
status. Changes toregulations precluded the use of laparoscopyon the turtles captured in
November 2013, resulting inimmature turtles not being sexed and breeding condition not evaluated
for these turtles. Blood and skin samples were taken from all turtles for isotope, toxicology and
parasitological research being conducted at CSIRO, James Cook University and University of
Queensland.

2.3 Tagging

All tagging was conducted as part of a collaborative project with EHP and functioned within an
approved EHP research project led by Dr Col Limpus.

23.1 ACOUSTIC TAGGING

Once turtles were restrained, the post marginal scutes above the back flipper were cleaned with
cloth soaked in Hexawash surgical wash ((10 ml Hexacon, 90 ml distilled H,0 and 900 ml EtOH).
Following cleaning, anacoustic tag wasattached to the post marginal scutes by drilling either one or
two 3 mm diameter holes throughthe carapace (see Figure 51). All acoustic tags were coatedin
International Ultra (high strength hard antifouling paint) before being attached. The antifouling paint
was allowed to dry for 24 h before the tags were applied. The post-marginal scutes were chosen as
the attachment site to minimize the instrument’s hydrodynamic impact onthe turtle and to ensure
eventual detachment by natural outgrowth should we fail to recapture the turtle for device-recovery
(van Dam and Diez, 1996). Attachment of transmitters by drilling holes through the post marginal
scutes of turtles is routinely employed by turtle researchers (see Mendonca 1983; van Dam and Diez,
1996; Addison et al 2002; Seminoff et al. 2002; Doody et al., 2009) and our methods have been
adapted from these studies. Location of transmitters has been shown to not interfere with flipper
movements of turtles (Seminoff et al. 2002; Doody et al., 2009). Drillingthrough carapace scutes has
also been usedto attach satellite transmittersto leatherbackturtles (Byrne et al., 2009). Holes were
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drilled using a batteryoperateddrill and a 3 mm drill bit that has been sterilised by soaking in a
Hexacon surgical wash (10 ml Hexacon, 90 ml distilled H20and 900 ml EtOH).

Figure 51 Image of acoustictag attached with one bolt (A) and two bolts (B)

Acoustic tags were secured by either one (Figure 51A) or two (Figure 51B) 3 mm stainless steel bolts
soakedin Hexacon surgical wash. A large stainless steel washer was placed over the bolts on the
dorsal surface and secured with Nyloc bolts. The protruding ends of the bolts were cut off and a two-
part epoxy resin (Sika AnchorFix®-3+, Sika Australia Pty Ltd) placed over the bolts to smooth their
profile.
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The two types of tag attachments were chosen to test whether tags protruding from the carapace
(Figure 51A) had better detection ratesthan tagssecured under the carapace (Figure 51B). During
the second deployment in November 2013, the acoustic tagsdid not have holes at each end and
were glued inside a PVC sleeve with more than half the tag remaining exposed (Figure 52). A hole
drilled though the sleeve allowed the tagsto be bolted to the post marginal scutes (Figure 52).

Depending on turtle size, individuals were tagged witha V13-1L, V16-4H or V16-6H Vemco coded
transmitter (tag). These transmitters range inlength from 36-98 mm and weighed between 11-37 g
in air. The pulse rate of transmittersvaried from 30-180 s and battery life varied from 1090-3650 d
depending onthe frequency of each ping and the power output of the tag. Each successfully
decoded pulse train was recorded as a single detection in the memory of the individual VR2 as the
transmitter’sidentification number, date and time. Receivers were downloaded every six months
throughout the study, and the batteries were changed at least every six months.
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Figure 52 Photograph showing a V13 acoustic tag sitting within a PCV sleeve boltedthrough the p ost
marginal scutes of ajuvenile Green Turtle.

23.2 SATELLITE TAGGING

SPLASH10-F-296A and SPLASH10-F-296C Wildlife Computer tags with Argos, fastloc, temperature
and depth receivers were used. Tags were programmed to transmit 254 times per day with position
estimates having priority over depth and temperature.

Satellite tags were attached tothe first two vertebral scutes immediately posterior to the nuchal
scute using a two-part epoxy resin (Sika AnchorFix®-3+, Sika Australia Pty Ltd) (Figure 53). Prior to
attachment, a paint scraper was used to remove any flaking scute material. This was followed by
gently sanding the area with wet and dry sandpaper. The area was then wiped with 100% ethanol
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and allowed to dry before attaching the tag. Once the epoxy resin had set, the tag was coated with
antifoul paint (International Ultra high strength hard antifouling paint) and allowed to dry overnight.
Tagged animals were released close to their capture site the day after capture.

Figure 53 Position of satellite and “one bolt” acoustictag on agreen turtle. Note: BluTack covering wet/dry
sensors during antifouling had not yetbeen removedon thisimage.

2.4 Range testing of acousticmonitoring system

Detections of satellite and acoustic tags within 1-5 minutes of each other served as a means of range
testing with these dataillustrating that the greatest degree of temporal overlapin tag detections
was when satellite tagsand acoustic receivers were separated by less than 400 m, with highest
overlap at distances between 200-400 m (Figure 54).
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Figure 54 Distribution of the distances in space between GPSfixes and the receiver station that detected the
closest (in time) ping for individual animals. Upper panel representsthe distribution of distances between
GPS fixes and receiver stations when the time differences betweenthose detectionswas less than 1 minute;
the middle and bottom panels are just distributions of distances when the maximum time difference was
increased to 5 and 30 min respectively, (x-axis truncated at 4 km; acoustic-GPSfixmatches occurred up to 10
km in distance forthe ‘within 30 min’ category).

2.5 Analysis of acoustictag detectiondata

For acoustic tags, the detection span of eachindividual was calculated as the date from first
detection to last detection whereasdays detected was the total number of days on which each
individual was detected. The percentage of days detected was calculated by dividing detection span
by days detected multiplied by 100. The number of receivers each tag wasdetected by is
represented as “number of receivers detected on”.

The number of daily detections over time for eachindividual were plotted to provide an overview of
detection span and detection frequency for animals tagged at Pelican Banks and Wiggins Island.

To examine the influence of tide on animal position within the array, each receiver was assigned to a
habitat type based on their depth and proximity to the channel. For Pelican Banks, receivers were
classified as being in the following habitat types: intertidal flat, subtidal flat or channel based on the
high tide depth of 0.70-1.50m, 1.51-3.0m and 3.10-10.0 m. At Wiggins Island, the classification of
intertidaland subtidal flat was identical to Pelican Banks; however there was an expansive area
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between intertidal flat and the channel, therefore an additional habitat of “channel edge” was
included. For Wiggins Island, receivers were classified as follows: intertidalflat (0.70—1.50 m),
subtidal flat (1.51-3.0 m), channel edge (3.1-5.0m), channel (5.1-15.0 m) based on the depth at
mean high water. Inaddition, narrow drains into the mangroves were classified as “mangrove
drains” (GH49 and GH7in Figure 3) and the channels between the small Islands around Wiggins
Islands were classified as “Wiggins channel” (GHO1and GH2 in Figure 50).

Kernel distribution was calculated for those animals that were detected for more than 30 days and
on at least one receiver. Area utilisation was estimated using the utilisation distribution (van Winkle
1975) and its estimates with kernel techniques (Worton 1989). Utilisation distribution is a probability
density function that quantifies anindividual’s relative use of space (Kernohan et al. 2001). It depicts
the probability of an animal occurring at a location within its home range as a function of relocation
points (data obtained from receiver detections) (White & Garrot 1990). Kernel utilisation distribution
has been widely used to investigate animal movement from acoustic telemetry of a range of species
ranging from marine turtles (Makowski et al. 2006; MacDonald et al. 2012), dugongs (Zehet al.
2014), crocodiles (Dwyer et al. 2014) and fish (Pillans et al. 2014).The bandwidth (or smoothing
parameter = h) cangreatly influence the shape and size of the kernel (Wand and Jones 1995; Gitzen
et al. 2006; Pillans et al. 2014). There is no single a priori method for determining the most
appropriate bandwidth. Choice of a bandwidth method may vary depending on the study goals,
sample size, and patterns of space use by the study species (Worton 1989, Gitzen et al. 2006). We
therefore tested the two most commonly used methods: the reference smoothing parameter
function (hr;; Worton 1989) and the least squares cross validation function (hiscy; Silverman 1986)
and found the reference smoothing parameter (hrs) provided the most realistic representation of
space use, with hisc, tendingto produce unrealistic multiplekernels that were fragmented and
clustered around receivers, excluding important areas occupied by turtles.

Kernel utilisation distribution (50 and 95%) was calculated using the adehabitatHR packageinR
(Calenge 2006). Passive acoustic detections resulted in thousands to hundreds of thousands of
detections of individuals on each receiver with identical X and Y coordinates. To alleviate this issue,
we randomly assigned acoustic detections within a 200 m radius of eachreceiver. This radius was
chosen based on range test data from turtles tagged with both satellite and acoustic tagsas well

stationery tags within the array.

Behaviour at the individual level was characterised by the 50 and 95% kernel densities which were
calculatedfor all months combined, as well as for each month-year combination that the animal was
detected. To determine the influence of tide on movement and habitat use, 50 and 95% KUDs of
individuals and all turtles combined were calculated during the period one hour eachside of high and
low tide for each month/year and for the entire monitoring period. This was achieved by calculating
the time difference from each detectionto the nearest high and low tide. Within the detection
database, a row withtime to high tide and a row with time to low tide were created for each
detection.

The proportion of animals of known sex (and those where sex could not be determined) remaining
within the array after tagging wascalculated using the detection span of eachindividual. When an
animal was not detected within the arrayfor more thanone week, it was classified as having left the
array. Animals that left the arrayand then returned were incorporated into the calculation at each
time period.
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251 COMPARING ACOUSTICAND SATELLITE TAG DATA

Raw GPS data (Fastloc) from Argos were used to investigate the movement of individual turtles and
compare home range estimates from satellite and acoustic telemetry. The satellite fixeswere
plotted to enable visual estimation of long distance movementsand home range estimates (50 and
95% KUD’s) were obtained using the adhabitateHR package in R. There were insufficient GPS fixes to
examine the influence of tide on movement using GPS data. The number of GPS fixes and acoustic
detections from animals tagged with both tag types as well KUD size and shape were used to
compare estimatesobtained from the two types of tags.
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3 Results

3.1 Tagged turtles

A total of 98 greenturtles were captured during two collaborative field trips in May and November
2013. Within the array of receiversat Pelican Banks, 33 turtles were tagged with acoustic tags with
five of these animals also tagged with satellite tags (Figure 55). At the Wiggins Island array of
receivers, 16 turtles were tagged with acoustic tags with five of these also tagged with satellite tags
(Figure 56). The acoustic tag identification code (Tag ID), satellite tag serial number, sex, curved
carapace length (CCL (cm)) and mass (kg) of individuals are provided for animals tagged at Pelican
Banks and Wiggins Island (Table 3.1 and Table 3.2, respectively). Animals tagged at Pelican Banks
rangedfrom 43-114 cm CCL, whereas those at Wiggins Island ranged from 46-60 cm CCL (Figure 57).
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Figure 55 Pelican Banks receiver array showing the seagrass density, receiver locations, low tide depth
contours and capture location of all turtles. Of the turtles captured,those tagged with both acousticand
satellite tags as well as those onlytagged with acoustictags are also shown.

3.2 Acousticdetections

From the 49 turtles taggedin this study, tags were detected 1,385,100 times by the 46 acoustic
receivers within Gladstone Harbour between 1 May 2013 and 16 September 2014. There were
706,362 detection of the 33 turtles tagged with acoustic tagsaround Pelican Banks; with individuals
detected between 2 — 62,751 times on 1 — 36 receivers for 1 — 495 days after tagging. Ofthe 16
turtles tagged with acoustic tagsat Wiggins Island, there were 678,738 detections with individuals
detected between 425 — 127,137 times on 5 — 18 receiversfor 181 — 502 days after tagging. The
mean proportion of days detected for turtles at Pelican Banks was (75.5 £ 4.7 SE) and Wiggins Island
(85.3 £ 3.9 SE) was not significantly different (one sample t-test, p = 0.12). Overall, turtlesat Wiggins
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Island were detected on significantly more days following release (295.4 + 35.5 SE) than turtlesat
Pelican Banks (180.8 + 25.9) (one sample t-test, p = 0.01).
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Figure 56 Wiggins Island receiver array showingthe receiver locations, low tide depth contours and capture
location of all turtles. All captured turtles were tagged with acoustic tags andfive individuals were tagged with
both satellite and acoustic tags.
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Figure 57 Curved carapace length (CCL (cm)) of turtles tagged with acoustic and satellite tags at Pelican
Banks and Wiggins Island.
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3.3 Influence of acoustictag attachment method

Acoustic tagswere attached with either one bolt or two with an assumption that having the tag
tucked under the back of the carapace mayresult in fewer detections than a tag that was
protruding. For turtles at Pelican Banks tagged with acoustic tagsattached with either one or two
bolts, there wasno difference in the number of daily detections (t-test, p > 0.5) with the mean
number of daily detections of 138 (+ 122.8 SD) and 187 (+ 155.3 SD) for one and two bolts,
respectively (Figure 58).
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Figure 58 Mean (£ 95 % Cl) of acoustic tag detections per day from turtles at Pelican Banks with 1 and 2 bolts
holding the tagin place.

For animals at Pelican Banks, the influence of a sleeve wassignificant (t-test, p < 0.001) with the
mean number of detections of tagsattached with a sleeve (39.9 + 27.1 SE) significantly lower than
mean without a sleeve (212.3+ 128.4) (Figure 59A).

For animals at Wiggins Island, tags that were attached with one bolt were also those that were
within a sleeve, with the influence of bolt type confounded by sleeve but tags with a sleeve (and one
bolt) were detected significantly less (39.9 + 27 SD per day) than tags with no sleeve (212.4 + 128)
(Figure 59B).
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Figure 59 Acoustic tag detections per day (mean + 95 % Cl) of from turtles at Pelican Banks (A) and Wiggins
Island (B) without and with a PVC sleeve around the acoustictag.

Anintegra ted study of the Gladstone marine system | 105



Table 3.1 Turtles tagged at Pelican Banks: acoustictag number, satellite tag number, date tagged, sex, age class, curved carapace length (CCL) and mass of turtles tagged with
acoustic tags. The detection span, number of dayseach individual wasdetected andthe percentage of daysdetected (detectionspan/daysdetected since tagged multiplied by

100) as well as the number of receivers each individual was detected by for all turtles tagged withacoustic tags in Gladstone Harbour. Age class abbreviations: A =adult
(known sexually mature), AT = Adult (defined from carapace andtail measurements), SP = Pubescentimmature (gonads and ducts differenciating from that of ayoung
immature), SA =Prepubescent immature (defined from carapace measurements), J = Juvenile

TagID Satellite Date tagged Sex Age class CCL (cm) Detection Days Percentage of Number of Receivers
tag span detected days detected detectedon

since tagged

27949 126272 01-May-13 F A 106.2 499 495 99 18
27928 01-May-13 F 101.1 500 273 55 17
27948 126274 02-May-13 F 113.8 98 4 4 14
27952 02-May-13 M AT 98.8 149 136 91 27
27924 02-May-13 M AT 96.7 236 172 73 37
27926 126273 02-May-13 F SP 101.6 15 15 100 20
27944 03-May-13 F 110 63 63 100 18
27935 03-May-13 F A 98.3 256 246 96 19
27945 03-May-13 M AT 95.7 4 4 100 14
27934 03-May-13 M AT 93.5 5 5 100 8

27942 03-May-13 M AT 94.8 400 186 47 19
27936 03-May-13 M AT 100.3 437 321 73 20
27933 03-May-13 M J 57.9 21 15 71 11
27927 03-May-13 F J 61.1 497 344 69 36
27938 03-May-13 F SA 67.8 146 52 36 16
27940 03-May-13 F SA 67.9 189 189 100 30
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TaglD Satellite Datetagged Sex Age class CCL(cm) Detection Days Percentageof = Number of Receivers
tag span detected days detected detectedon
since tagged

27929 03-May-13 F SA 69.7 414 371 90 15

27930 03-May-13 F SA 71 483 272 56 18

27923 03-May-13 F SA 70.7 495 417 84 19

27925 03-May-13 F SA 74.5 498 411 83 20

27939 03-May-13 F SA 65.2 498 425 85 23

26572 133769t  05-Nov-13 F A 107.4 291 185 64 16

26575 133764t  05-Nov-13 F A 111 306 217 71 24

27980 133765t  05-Nov-13 M AT 96.5 314 258 82 20

26571 133766t  07-Nov-13 F A 105.6 7 7 100 12

28352 133768t  07-Nov-13 M A 93.6 137 131 96 17

26573 133767t  07-Nov-13 F A 105.8 146 137 94 18

26568 131868 07-Nov-13 M A 97.7 229 192 84 31

16229 131869 07-Nov-13 F AT 96.2 77 4 5 6

26576 07-Nov-13 F AT 99.5 224 212 95 15

27663 08-Nov-13 I J 56 51 15 29 5

27657 08-Nov-13 I J 59.8 306 205 67 14

27661 133758t  09-Nov-13 I J 43.6 1 1 100 1

t satellite tags deployed by EHP (data not provided to CSIRO)
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Table 3.2 Turtlestagged at Wiggins Island: acoustic tag number, satellite tag number, date tagged, sex, age class, curved carapace length (CCL) and mass of turtles tagged with
acoustictags. The detection span, number of days each individual was detected andthe percentage of days detected (detection span/days detectedsince tagged multiplied by
100) as well as the number of receivers each individual was detected by for all turtles tagged withacoustic tags in Gladston e Harbour.

TagID Satellite Date tagged Sex Age class CCL (cm) Detection Days Percentage of Number of
tag span detected days detected Receiversdetected

since tagged on

27951 02-May-13 F J 51.8 502 458 91 17

27947 126275 02-May-13 M J 58.8 502 413 82 12

27950 126276 02-May-13 M J 54.6 500 448 90 18

27931 03-May-13 F J 51.5 248 248 100 13

27932 03-May-13 F J 50.6 211 199 94 15

27941 03-May-13 F J 48.2 256 237 93 17

27937 03-May-13 M J 56.1 500 475 95 17

27946 03-May-13 M J 46.4 500 490 98 13

27943 1337617 05-Nov-13 F J 46.1 500 485 97 18

27622 1337607 05-Nov-13 I J 46 199 156 78 14

27629 131871* 05-Nov-13 I J 60 313 308 98 10

31598 131862 05-Nov-13 I J 52.1 313 219 70 11

27662 1337627 06-Nov-13 I J 49.1 180 180 100 13

29771 131872 07-Nov-13 I J 52.7 222 118 53 5

27656 08-Nov-13 I J 48.2 200 107 54 5

27658 08-Nov-13 I J 52.7 258 186 72 9

* satellite tag failed (no Fastloc data); T satellite tags deployed by EHP (data not provided to CSIRO)

108 | Towards an integrate d study of the Glads tone marine system



3.4 Turtledetection span

The average detection span for all turtles was 273 (+ 19 SE) days with turtles at Wiggins Island having
a greater detectionspan (337 + 34 days) than turtlesat Pelican Bank (242 + 31 days). The average
number of days on which turtles were detected was 218 (+ 20) with turtles at Wiggins Island being
detected on more days (295 + 34 days) than turtles at Pelican Bank (181 + 25 days).

For juveniles and subadults tagged at Pelican Banks in May 2013, 75% of females and 0% of males
(n=7) remained in the arrayafter six months. Sex of immature turtleswas not determined in
November 2013 so comparisons were not possible (Figure 60). For adult animals at Pelican Banks,
50% of males and females taggedin May 2013 were still being detected within the array after 6
months. For adults taggedin November 2013, after six months 100% of males and 66% of females
were still being detected by the array suggesting that more adult turtles departedthe array during
2013 than 2014 (Figure 61).

At Wiggins Island, for both males and females taggedin May 2013, 100% were still being detected
within the array after six months. Sex of animals was not determined in November 2013, however of
those tagged during that time, 100% were still being detected within the array after six months
(Figure 62).
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Daily detections of turtles tagged at Pelican Banks

-1 * 478 ® 955 ® Unknown @ Male
+ 239 ® 716 @ 1104 ® Female

27933 -e -
27925 - et cmme- - ees-ee < o o s
27929 — - S et & - -+~ il -
27930 — e TR - - — by o= abbelbes odbe
27923 — R e e e e < FUP —_ i e g - -
O 27927 o  eveltw—gsbhai ~so—tEoshiinl-dn-sheuls » == -
2
F 27930 | = —eeee oewsre - . ————p .
27940 4 @ e e . o
27938 — @ B . o —— - -
27661
27663 — - [
T T T T T T T T T T T T T T T T T T
M J J A S 0] M D J F M A M J J A S 0]
2013 2014
Date

Figure 60 Number of daily detection for each individual juvenile and subadult turtles tagged at Pelican Banks (n=12). Males, females and individuals of unknown sex are shownin
different colours. The acoustictag ID of individuals are shown on the y-axis with the size of the bubbles representative of the number of detectionson each day between 1 May
2013 -16 September 2014
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Daily detections of turtles tagged at Pelican Banks
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Figure 61 Number of daily detections for each individual adult turtle tagged at Pelican Banks (n = 21). The acoustictag ID of individuals is shown on the y-axis with the size of the
bubbles representative of the number of detections on each day between 1 May 2013 —16 September 2014
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Figure 62 Number of daily detection foreach individual turtle tagged at Wiggins Island (n = 16). Males,
females and individuals of unknown sex are shown in different colours. The acoustictag ID of individuals are

shown on the y-axis with the size of the bubbles representative of the number of detections oneach day
between 1 May 2013 - 16 September2014
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3.5 Cumulative homerange

The 50 and 95% KUDs of individuals tagged at Pelican Banks and Wiggins Island are shown in Table
3.3 and Table 3.4, respectively. Estimates of average (+ SE) cumulative (total home range over the
duration that individuals were detected) home range of greenturtles within Gladstone Harbour was
1.3 +0.2 km?and 6.7 + 0.8 km?* for 50and 95% KUD, respectively. For those animals tagged at Pelican
Banks, six individuals were also detected at some time at WigginsIsland. The average 50 and 95%

KUD of these animals was2.2 + 0.7 km? and 14.7 + 3.5 km?, respectively and was significantly larger
(t-test, p < 0.01) than the home range of animals that remained at either Pelican Banks or Wiggins
Island. Excluding these animals that moved, the average 50and 95% KUD of animals at Pelican Banks
was 1.4+ 0.2 km? and 6.7 + 0.9 km?, respectively which was significantly greater (t-test, p<0.01) than
animals at Wiggins Island (0.7 £0.1 km?and 3.8+ 0.4 km?, respectively).

There wassignificant individual monthly variationin KUD size and shape as shown in the 50 and 95%
KUD per month of the year from May 2013—-September 2014 for animals tagged at Pelican Banksand
Wiggins Island (Table 3.5 and Table 3.6). Large differences in home range between months were
primarily due to animals moving from Pelican Banks to Wiggins Island and in some cases back to
Pelican Banks (Table 3.5). However, even for animalsthat had small and persistent home rangesand
remained within the area where they were tagged, there were subtle variationsin the monthly size
and shape of the area used over the duration of the monitoring period. At Pelican Banks, overa 17
month period a mature female turtle (106 cm CCL, tag ID 27949) had a 50% KUD of 0.95 km?and a
95% KUD of 4.11 km? with Figure 63 demonstrating that home range was smallest in June-July 2013
and October 2013 (50% KUD = 0.58-0.77 km?) before increasing in December-January 2014 (50% KUD
=1.17and 1.35km?, respectively). For the remainder of 2014, the average home rangesize then
declined slightly in March before increasing in April-July before shrinking againin August-September.
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Table 3.3 Turtle home range size at Pelican Banks. The 50 and 95% KUD (km?) for individuals turtles that
were tagged at Pelican Banks and detected for more than 30 days on 2 or more receivers (n= 26).

TagID 50% KUD (km?) 95% KUD (km?)
26568 * 4.6 25.2
26572 0.9 4.0
26573 1.8 6.9
26575 2.0 13.8
26575 * 2.0 13.8
26576 1.0 4.4
27657 1.6 6.0
27923 2.0 8.5
27924 * 4.2 25.4
27925 0.9 5.0
27926 2.2 9.2
27927 1.7 6.8
27928 0.7 3.6
27929 0.6 3.7
27930 1.0 5.5
27935 0.5 3.9
27936 0.8 4.5
27938 1.0 5.0
27939 1.0 3.7
27940 * 0.5 6.3
27942 1.2 5.1
27944 1.2 6.1
27949 1.0 4.1
27952 * 1.0 8.0
27980 * 1.0 9.2
28352 1.5 6.1

* individuals that were tagged at Pelican Banks but also
detected at the Wiggins Island array.
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Table 3.4 Turtle home range at Wiggins Island. The 50 and 95% KUD (km?) for individuals turtles that were
tagged at Wiggins Island and detected for more than 30days on 2 or more receivers (n =16).

TaglD 50% KUD (km?) 95% KUD (km?)
27622 0.4 2.3
27629 0.6 3.1
27656 0.4 2.0
27658 0.5 2.7
27662 0.3 2.1
27931 0.8 4.1
27932 1.0 4.8
27937 0.8 5.1
27941 1.1 6.3
27943 0.3 2.0
27946 0.5 2.0
27947 0.5 2.7
27950 1.1 5.8
27951 1.3 6.7
29771 0.6 3.6
31598 1.3 4.8
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Table 3.5 Turtle home rangesize at Pelican Banks. Monthly 50 and 95% KUD (in parenthesis) for all animals were detected for morethan 30 days on two or more receivers.
Monthly KUD’s were only calculated whenthere were more than 5 detections in amonth. * indicates animals that movedfrom Pelican Banks to Wiggins Island.

TAG_ID May-13 Jun-13 Jul-13 Aug-13 Sep-13 Oct-13 Nov-13 Dec-13 Jan-14 Feb-14 Mar-14 Apr-14 May-14 Jun-14 Jul-14 Aug-14 Sep-14
26568 * 8.48(53.3) 16.7(70.1) 0.79(3.57) 0.62(4.94) 1.64(8.41) 1.97(9.28) 0.93(5.45) 0.88(4.7)

26572 1.18(4.93) 0.99(4.17) 1.19(5.06) 1.58(5.66) 1.09(4.06) 0.85(3.48) 0.91(3.96) 0.90(3.79) 0.84(3.55) 1.18(4.25)

26573 1.37(6.24) 1.32(5.91) 2.31(8.42) 2.17(7.53) 0.97(6.11) 1.93(7.64)

26575 * 1.28(4.66) 5.35(31.9) 1.95(11.2) 1.36(7.43) 0.34(1.64) 0.44(2.48) 0.37(1.78) 0.52(2.24) 0.52(2.17) 0.52(1.98) 0.34(1.94)
26576 0.79(4.13) 0.74(3.9) 0.58(3.14) 1.26(5.17) 1.23(4.6) 1.11(4.3) 1.11(5.41) 1.24(6.55)

27657 0.61(5.04) 1.44(6.13) 1.82(6.54) 1.5(6.69) 1.7(6.84) 0.68(3.92) 0.89(4.06) 1(4.24) 0.89(3.97) 1.1(5.29) 1.66(7.29)
27923 2.0(8.24) 1.79(7.24) 1.58(6.95) 2.49(9.14) 0.90(5.34) 1.8(7.55) 0.45(2.28) 0.53(4.33) 1.3(6.7) 0.19(0.81)  0.20(0.9) 0.21(0.98) 0.38(1.43) 0.21(0.95) 0.23(1.09) 0.21(0.93) 0.21(0.97)
27924 * 7.7(45.9) 1.37(6.54) 1.59(5.84) 1.04(4.41) 0.77(4.17) 6.24(43.1) 0.55(2.9)

27925 1.61(6.04) 1.59(6.36) 1.49(6.87) 1.59(6.44) 0.73(4.64) 1.22(5.01) 0.91(4.88) 0.57(4.27) 1.36(5.69) 1.22(5.33) 1.02(5.1) 0.64(4.18) 0.74(4.21) 0.29(2.45) 0.27(1.84)
27926 2.19(9.24)

27927 1.18(5.56) 1.18(4.75) 1.4(5.69) 1.23(6.05) 1.40(5.6) 4.79(33.7) 0.79(3.73) 1.32(5.29) 1.48(5.88) 0.75(4.07) 1.42(5.07) 0.76(3.97) 1.04(4.57)

27928 0.60(2.8) 0.71(2.95) 0.53(2.38) 0.84(3.97) 1.07(3.87) 0.87(3.82) 1.01(4.06) 0.38(2.62) 0.30(2.43) 1.15(4.08) 0.75(3.74) 0.57(3.45) 1.05(4.74)
27929 0.66(3.39) 0.77(3.87) 0.81(3.69) 0.43(3.09) 0.39(2.51) 0.54(3.4) 0.63(3.14) 0.57(3.06) 0.49(2.39)

27930 0.79(4.43) 0.75(4.11) 0.53(3.37) 0.83(4.87) 0.43(3.32) 0.59(3.45) 0.50(2.76) 0.62(3.6) 1.25(4.89) 0.65(2.51) 0.67(2.77) 0.11(0.43)
27935 1.50(7.72) 0.70(4.53) 0.58(3.6) 0.63(3.76) 0.34(2.71) 0.38(2.79) 0.42(3.46) 0.41(2.99) 0.79(4.58)

27936 1(3.83) 0.87(4.15) 0.85(4.39) 0.99(4.08) 0.85(3.56) 0.70(3.44) 0.75(3.24) 0.72(3.56) 1.19(5.83) 1.05(6.88) 0.78(4.21) 0.72(2.96) 0.77(3.22) 0.77(3.63) 0.77(3.34)

27938 0.43(2.65) 1.40(8.38) 0.26(1.44) 0.19(0.88) 0.22(1.05) 0.25(1.25)

27939 1.30(8.93) 0.79(3.49) 0.62(3.82) 0.69(3.57) 0.94(4) 0.69(3.32) 0.80(3.25) 1.03(3.9) 0.72(3.25) 0.83(3.47) 0.52(2.46) 0.83(3.27) 0.73(2.81) 0.66(2.88) 0.55(2.66) 0.53(2.64) 0.48(1.97)
27940 *  11.1(47.3) 0.70(3.43) 1.11(4.36) 0.34(3.73) 0.20(0.87) 0.20(0.87) 0.20(0.89)

27942 0.29(1.61) 0.35(2.18) 0.22(0.88) 0.23(1) 0.22(0.92) 1.89(5.97) 1.08(4.71) 0.59(3.54) 0.68(3.64) 1.18(4.26) 0.91(4.54) 0.94(4.03) 2.27(11.4)

27944 0.83(3.92) 1.41(6.28) 1.12(4.44)

27949 1.08(4.62) 0.76(3.78) 0.76(3.53) 0.88(4.01) 1(4.81) 0.58(3.91) 0.86(3.88) 1.17(4.56) 1.35(4.69) 1.07(4.35) 0.71(3.58) 1.15(3.98) 1.2(4.39) 1.03(3.9) 1.0(4.66) 0.43(2.25) 0.71(3.42)
27952 *  4.92(18.1) 1.08(5.03) 0.77(5.13) 0.5(3.49) 0.97(6.17)

27980 * 0.87(4.62) 2.83(20.5) 7.13(39.1) 14.2(64.9) 0.36(2.74) 0.39(2.77) 0.30(1.7) 0.31(1.47) 0.35(1.63) 0.27(1.38) 0.25(1.07)
28352 1.91(9.64) 0.96(4.33) 0.74(4.32) 1.62(6.69) 1.77(6.69)

116 | Towards an integrate d study of the Glads tone marine system



Table 3.6 Turtle home range at Wiggins Island. Monthly 50 and 95% KUD (in parenthesis) for all animals detected for morethan 30 days on two or more receivers. Monthly
KUD’s were only calculated when there were more than five detections in amonth.

TAG_ID May-13 Jun-13 Jul-13 Aug-13 Sep-13 Oct-13 Nov-13 Dec-13 Jan-14 Feb-14 Mar-14 Apr-14 May-14 Jun-14 Jul-14 Aug-14 Sep-14
27622 0.52(3.34) 0.42(2.15) 0.30(2.02) 0.25(1.37) 0.25(1.01) 0.23(1.08) 0.37(2.11)

27629 0.94(3.96) 0.41(2.09) 0.28(1.41) 0.29(1.59) 0.62(2.76) 0.67(3.36) 0.69(3.59) 0.65(2.42) 0.62(2.55) 0.71(2.88) 0.58(2.16)
27656 0.69(4.01) 0.42(1.74) 0.40(1.55) 0.35(2.07) 0.43(1.54) 0.29(1.28) 0.22(1.04)

27658 0.50(2.63) 0.49(2.78) 1.11(3.5) 0.4(1.99) 0.73(3.14) 0.68(2.48) 0.42(2.07) 0.32(1.77) 0.28(1.63)

27662 0.38(2.25) 0.44(2.46) 0.46(2.35) 0.27(1.75) 0.25(1.58) 0.36(2.3)  0.29(1.99)

27931 0.92(4.52) 1(4.39) 0.36(1.94) 0.37(2.17) 0.32(2.07) 1.07(4.04) 0.98(3.98) 0.68(4.05) 1.09(5.29)

27932 0.86(4.86) 1.06(5.1) 0.97(4.94) 0.94(4.94) 1.02(3.94) 1.04(4.08) 1.08(4.28)

27937 0.65(3.93) 1.05(5.65) 1.09(5.7) 1.21(5.88) 1.37(6.02) 0.71(3.15) 0.65(2.89) 0.52(2.85) 0.44(2.45) 0.58(2.63) 0.62(3.6)  0.55(3.07) 0.52(2.99) 0.88(3.86) 0.92(4.46) 0.49(2.88) 0.66(3.6)
27941 0.74(3.58) 1.19(8.28) 0.28(1.56) 0.35(1.75) 0.99(6.43) 0.94(4.69) 0.6(3.71) 0.79(4.36) 0.70(3.77)

27943 0.72(5.53) 0.54(3.2) 0.45(1.91) 0.45(1.95) 0.45(1.78) 0.46(2) 0.32(2.74) 0.23(1.13) 0.23(1.3) 0.2(0.91) 0.25(1.39) 0.22(1.06) 0.23(1.11) 0.22(1.15) 0.24(1.19) 0.22(1.1)  0.21(0.92)
27946 0.46(2.9) 0.50(2.23) 0.48(2.1) 0.43(1.73) 0.45(1.96) 0.37(1.59) 0.42(1.78) 0.44(2.08) 0.43(2.03) 0.6(2.18) 0.66(2.34) 0.52(2.09) 0.44(2.02) 0.2(0.89) 0.21(0.88) 0.2(0.9) 0.2(0.88)
27947 0.28(1.95) 0.39(3.07) 0.50(2.43) 0.50(2.71) 0.62(2.83) 0.92(3.4)  0.54(2.74) 0.49(2.48) 0.40(2.36) 0.36(2.31) 0.57(4.03) 0.66(2.93) 0.72(2.88) 0.4(2.41) 0.56(2.68) 0.28(1.85) 0.29(1.91)
27950 1.93(7.75) 1.35(5.99) 0.6(2.74) 0.58(3.02) 0.65(3.83) 0.37(3.25) 0.53(5.43) 1(4.3) 0.79(5.08) 0.90(4.84) 0.95(5.27) 1.12(5.6)  1.09(5.28) 0.54(5.01) 0.81(4.85) 0.81(4.01) 0.94(4.6)
27951 2.33(11.4) 0.57(3.16) 0.64(3.48) 1.09(4.63) 0.73(3.71) 0.58(3.17) 0.67(4.67) 0.69(5.7)  0.22(0.96) 0.23(1.02) 0.18(0.86) 0.21(0.89) 0.20(0.9) 0.21(0.9) 0.21(0.88) 0.20(0.93) 0.21(0.92)
29771 0.23(0.9) 1.19(5.29) 0.86(2.92) 0.75(2.67) 0.69(2.57) 0.99(4.43) 0.85(5.53) 0.38(2.65)

31598 0.69(4.34) 1.22(4.69) 0.87(3.27) 0.76(2.87) 0.73(2.88) 0.40(2.15) 0.85(3.34) 0.76(3.83) 0.65(2.78) 0.77(3.38) 1.10(5.55)
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Figure 63 Monthly home range variation of amature female turtle at Pelican Banks. Kernel utilisation
distribution of afemale turtle (106 cm CCLtag ID 27949) monthly from May 2013 —September 2014.
Orientationof each monthof the year is the same with high use areas shown as red/orange /yellow (50%
KUD) with agradient throughto turquiose (95% KUD).

Similarly, and also at Pelican Banks, a mature male turtle (94.8 mm CCL, tag ID 27942) had a 50% KUD

of 1.2 km?and a 95% KUD of 5.1 km? over a 13 month period with Figure 64 demonstrating that area

used was smallest in May—September 2013 (50% KUD between 0.22-0.35 km?) when this animal was
primarily detected on only one receivers and largest in October 2013 and June 2014 (50% KUD = 1.89

and 2.27 km?, respectively) when it was moving between4-5 receivers.
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Figure 64 Monthly home range variation of a mature female turtle at Pelican Banks. Kernel utilisation
distribution of afemale turtle (94.8 cm CCL tag ID 27942) monthly from May 2013 —September2014.
Orientationof each monthof the year is the same with high use areas shown as red/orange/yellow (50%
KUD) with a gradient through to turquiose (95% KUD).

At Wiggins Island, over a 17month period, a juvenile male turtle (46.4 cm CCL, tag ID 27946) had a
50% KUD of 0.5 km? and a 95% KUD of 2.0 km?, with Figure 65 and Table 3.6 demonstratingthatarea
used was largest in February-March 2014 (50% KUD between 0.6-0.66 km?) and smallest in
June-September 2014 (50% KUD = 0.2—0.2). The decrease in size was primarily due to the animal
moving around three receivers in February—March and then primarily being detected by one receiver
in June —September 2014.
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Figure 65 Monthly home range variation of amature female turtle at Pelican Banks. Kernel utilisation
distribution of a female turtle (46.4an CCL, tag ID 27946 ) monthly from May 2013 — September2014.
Orientation of each month of the year is the same with high use areas shown as red/orange/yellow (50%

KUD) with a gradient through to turquiose (95% KUD).

At Wiggins Island, over a 17month period, a juvenile male turtle (54.6 cm CCL, tag ID 27950) had a
50% KUD of 1.1 km? and a 95% KUD of 5.8 km? with Figure 66 and Table 3.6 demonstratingthatarea
used waslargest in May 2013 (50 % KUD 1.93 km?) and smallest in October 2013 and June 2014 (50%
KUD =0.37 and 0.54 km?, respectively). The decrease in size was primarily due to the animal being

detected by 4-6 receiversin May-June 2013 and only 1-2 receivers in October 2013.
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Figure 66 Monthly home range variation of amature female turtle at Pelican Banks. Kernel utilisation
distribution of a female turtle (54.6 an CCL tag ID 27950 monthly from May 2013 - September2014.
Orientation of each month of the year is the same with high use areas shown as red/orange/yellow (50%
KUD) with a gradient through to turquiose (95% KUD).

3.6 Populationlevel monthly variationin turtle home range size

There wasa significant interaction between KUD area and year-month for turtles captured at Wiggins
Island (ANOVA, p < 0.01) but not for those captured at Pelican Banks (ANOVA, p = 0.14). A Tukeys HSD
test between months showed that for animals at Wiggins Island, the large KUD areain May 2013 was
responsible for the significant difference between months with 50% KUD in May 2013

significanly greater than all months between January-September 2014 (Table 3.7) with no other
months being significanlty different from another. For Wiggins Island, the difference between

months was driven largely by high KUD in May 2013 and for both areasthere was an observable
declining trendin 50% KUD area over time (Figure 67) with KUDs on average 80-300% smaller at the
end of the period of tracking (Table 3.6).
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Figure 67 Plot of mean monthly50% KUD area (+ SE) of greenturtles tagged at Pelican Banks (PB,n =19) and
Wiggins Island (WIG, n=16) including only those animals at Pelican Banks that did not move between the
two areas.
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Table 3.7 Analysis of monthly variation in turtle home range size at Wiggins Island. Results of Tukeys HSD test monthly 50% KUD area (km?’) for turtles tagged at Wiggins Island.
Significant differences (p< 0.05) between month-year combinations are denoted by an asterisk.

May-13 Jun-13 Jul-13 Aug-13 Sep-13 Oct-13 Nov-13 Dec-13 Jan-14 Feb-14 Mar-14 Apr-14 May-14 Jun-14 Jul-14 Aug-14 Sep-14

“May-13 0.999 0.129 0.378 0.808 0.729 0.055 0.103 0.022* 0.001* 0.010* 0.009* 0.009* 0.002* 0.012* 0.006* 0.033*
Jun-13 0.999 0.813 0.979 1.000 1.000 0.713 0.839 0.488 0.057 0.303 0.291 0.287 0.097 0.277 0.166 0.455
Jul-13 0.129 0.813 1.000 1.000 1.000 1.000 1.000 1.000 0.998 1.000 1.000 1.000 0.999 1.000 1.000 1.000
Aug-13 0.378 0.979 1.000 1.000 1.000 1.000 1.000 1.000 0.936 1.000 0.999 0.999 0.959 0.997 0.980 1.000
Sep-13 0.808 1.000 1.000 1.000 1.000 0.999 1.000 0.989 0.550 0.937 0.931 0.929 0.646 0.893 0.755 0.965
Oct-13 0.729 1.000 1.000 1.000 1.000 1.000 1.000 0.996 0.652 0.969 0.965 0.964 0.737 0.937 0.828 0.983
Nov-13 0.055 0.713 1.000 1.000 0.999 1.000 1.000 1.000 0.980 1.000 1.000 1.000 0.990 1.000 0.996 1.000
Dec-13 0.103 0.839 1.000 1.000 1.000 1.000 1.000 1.000 0.946 1.000 1.000 1.000 0.971 0.999 0.988 1.000
Jan-14 0.022* 0.488 1.000 1.000 0.989 0.996 1.000 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000
Feb-14 0.001* 0.057 0.998 0.936 0.550 0.652 0.980 0.946 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000
Mar-14 0.010* 0.303 1.000 1.000 0.937 0.969 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
Apr-14 0.009* 0.291 1.000 0.999 0.931 0.965 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
May-14 0.009* 0.287 1.000 0.999 0.929 0.964 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
Jun-14 0.002* 0.097 0.999 0.959 0.646 0.737 0.990 0.971 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
Jul-14 0.012* 0.277 1.000 0.997 0.893 0.937 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
Aug-14 0.006* 0.166 1.000 0.980 0.755 0.828 0.996 0.988 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

Sep-14 0.033* 0.455 1.000 1.000 0.965 0.983 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
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3.7 Turtle home range characteristics and habitat use

Individual variationin the size and shape of home range area used by turtles is apparentin the shape

and location of home ranges (cumulative 50 and 95% KUD contours over the entire study period)

plotted on habitat and bathymetry maps (Figure 68). Six individuals tagged at Pelican Bankswere
also detected by receivers on Wiggins Island resulting inthe cumulative 95% KUD area spanning both

Wiggins Island and Pelican Banks (Figure 68). The home range of 33 turtles at Pelican Bankswas

centred on the western side of the Pelican Banks array withthe 50 % KUD confinedto an area of 2.18
km? that overlapped with intertidal and subtidal sand flats between areas of the banks with highest
seagrass cover (Figure 69). The 95 % KUD area was 13.4 km? and at Pelican Banks completely

encompassed the areas of highest seagrass cover.
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Figure 68 Map of Port Curtis showing thereceiverarrays and combined cumulative 50 and 95% KUD area
(km?) for 33 green turtles tagged at Pelican Banks. Capture locations of individuals are shown as yellow

triangles.
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Figure 69 The cumulative 50 and 95% KUD contours for 33 green turtles tagged withacoustictags at Pelican
Banks. Capture locations of individuals are shown as yellow triangles.

Despite the small and stable home range of the Pelican Banks turtles, there was individual variability
in home range size and shape. For turtle 27949, a 106 cm CCL adult female turtle detected on 495
days, there were two distinct 50% KUD’s that were centred onthe southern extent of highest
seagrass densityin the intertidal and subtidal area as well as the channel. The 95% KUD overlapped
with high seagrass density as well the deeper channel (Figure 70A). For turtle 27938, a 101 cm CCL
adult female turtle detected on 273 days, there were two distinct 50% KUD’s that were centred on
the northern extent of highest seagrassdensity inthe intertidal and subtidal area as well as the
channel. The 95 % KUD overlapped with high seagrass density in the northern half of Pelican Banks as
well the deeper channel (Figure 70B). For turtle 27936, a 100 cm CCL adult male turtle detected on
321 days, the 50% KUD was centred on the southern extent of high seagrass density but also
overlappedanarea no seagrass cover. The 95% KUD encompassed half of the area of highest
seagrass density but also a similar sized area to the souththat had no seagrass. For turtle 27923, a 70
cm CCL subadult female turtle detected on 417 days, the 50% KUD had four distinct areas with three
of these centred on areas of highest seagrass density on the western side of Pelican Banks and one
on the easternside of Pelican Banks in an area with very little seagrass. Thisanimal had one of the
largest 95% KUD’s (8.5 km?) of a resident turtle that didn’t move between Pelican Banks and Wiggins
Island and the 95% KUD encompassed most of Pelican Banks.

We have related the cumulative home range distribution for turtles at Pelican Banks to seagrass
sampled in September 2014, however seagrass biomass varies seasonally, and the seagrass data we
collected in September 2014 may not accurately reflect seagrass density at Pelican Banks for the
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remainder of the year. To determine if turtle home range in August/September was more closely
aligned with seagrassdensity in September 2014, the 50 and 95% KUD’s of all turtles within the
Pelican Banks arrayin August/September2014 were calculated. The overall pattern of habitat use
was very similar with the majority of turtles having at least half of their 50 and 95% KUD’s
overlapping with areas of highest seagrass density. In most cases, animals continued to utilise the
area immediately tothe south of the highest seagrass density where seagrass density was low
(Figure 71). In August/September 2014, the size, shape and configuration of the 50 and 95% KUD's of
turtle 27949 was very similar to that from the entire monitoring period (May 2013-September 2014)
(Figure 71A). For turtle 27938, the 50 and 95% KUD’sin August/September were much smaller
compared to the size during the entire monitoring period (May 2013—-September 2014) due to there
only being one 50% KUD which had shifted to the south west, overlapping the area with highest
seagrass density (Figure 71B). For turtle 27936, the shape of the KUD was similar, however there was
an additional 50% KUD to the southin anarea with no seagrass cover in August/September 2014
(Figure 71C). For turtle 27923, the shape of the 95% KUD was similar, however the 50% KUD had
contracted from four distinct areasto only two which were centred onthe west and east side of the
channel with the KUD on the west side of the channel overlapping with an area of high seagrass
cover (Figure 71D).
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Figure 70 Individual turtle home range and habitat use variation at Pelican Banks over entire study period. Map showing aumulative 50 and 95% KUD contours over the entire
study period of turtles 27949 (A), 27938 (B), 27936 (C) and 27923 (D). All turtles were captured and tagged with acoustic transmitters in May 2013. Capture location shown as
yellow triangle. Receiver locationsare shown as red asterisks. For turtle 27936, the southernmost yellow triangle represents a recapture location in November 2013.
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The home range of 16 turtles at WigginsIsland was centred onan area to the west of Wiggins Island
including southern and northern end of Wiggins Island (Figure 72). For animals tagged at Wiggins
Island, the 50% KUD confined to anarea of 1.5 km? that overlapped with intertidal and subtidal sand
flats in the centre of the array (Figure 73B). The 95% KUD area was 7.5 km*and had very little overlap
with the shipping channeland intertidal and subtidal habitat adjacent to Curtislsland and LNG
loading facilities.

Despite the small and stable home range of the Wiggins Island turtles, there wasindividual variability
in home range size and shape. For turtle 27951, a 51.8 cm CCL juvenile female turtle detected on 458
days, there were three distinct 50% KUD’s. These were centred onthe mangrove drain near were this
animal was tagged, onthe intertidal flat tothe north of this mangrove drain and also in the channel
south of Wiggins Island (Figure 73A). The 95% KUD overlapped the intertidal and subtidal flats with
little overlap with the deeper shipping channel to the north of Wiggins Island (Figure 73A). Turtle
27951 had a largest 50 and 95 % KUD of all animals tagged at WigginsIsland (1.3 and 6.7 km?,
respectively). For turtle 27950, a 54.6 cm CCL juvenile male turtle detected on 448 days, there were
three distinct 50% KUD’sthat extended along the mangrove drain where it wastaggedand north
east towardsthe intertidal and subtidal areas. The 95% KUD overlapped this same area forming a
narrow band along the mangrove drain (Figure 73B). For turtle 27947, a 58.0 cm CCL juvenile male
turtle detected on 413 days, the 50% KUD were centred on the western end of Wiggins Island near
where it wastagged and also around the north east corner of Wiggins Island in a narrow channel
between another small mangroveisland (Figure 73C). The 95% KUD encompassed both of the
Wiggins Islands but did not extent into the deep shipping channel to the north. For turtle 27931, a
51.5cm CCL juvenile female turtle detected on 248 days, the 50% KUD had two distinct areasthat,
unlike most other turtles tagged at Wiggins Island, were not centred around the tag location. The
50% KUD of this animal was to the north of Wiggins Island. The 95% KUD encompassed the area
around Wiggins Island but did not extend across the shipping channel (Figure 73D).
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3.8 Tidalinfluences on turtle habitat use

Using the Bureau of Meteorology’stide data for Gladstone Harbour, each detection wasmatchedto
a tide height using a cosine curve of daily tide height and time. This was used to evaluate the mean
number of detections on receivers in different habitat types against tide height for turtles at Pelican
Banks (Figure 74 and Figure 75) and Wiggins Island (Figure 76 and Figure 77) for each month of the
year from May 2013—-September 2014. At Pelican Banks, although there was some monthly variation,
it was clear that the majority of detections onreceiversin the channel and channel edge occurred
when tide height was between 1-2 m, or around low tide. Conversely, detection on receivers located
in the intertidal and subtidal flat occurred predominantly when tide height was between 2—4 m
(around high tide).

Around Wiggins Island there wasa similar pattern (Figure 76 and Figure 77), however detections on
receivers in the channel accounted for less than 6% of total detections and were dominated by one
or two individuals which meant that overall there was not trend in mean detections with tide height
for this habitat. There was however a clear tidal patternfor receivers on the channel edge with the
greatest number of detections occurring primarily during water depths between 1-1.5m (low tide).
Detectionson the intertidal and subtidal flats occurred predominantly around mid high tide (water
depth ~ 2 m). The patternin the mangrove drain and Wiggins channel habitat were confounded by
the fact that some individuals remained within a deep hole at the top of the mangrove drain during
low tide (receiver GH49 on Figure 51) and animals could remain in the Wiggins channel at both low
and high tide.
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Figure 74 Turtle habitat use and tidal phase Pelican Banks May - October 2013. Box andwhisker plot of mean

(£ 95% Cl) number of detections against tide height for receivers in the channel, channel edge, intertidal flat
and subtidal flatat Pelican Banks. Eachmonth from May-October 2013 are plotted separately.
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Figure 75 Turtle habitat use and tidal phase Pelican Banks November2013 —September2014. Box and
whisker plot of mean (£95% Cl) number of detections against tide height for receivers in the channel,
channel edge, intertidal flat and subtidal flat at Pelican Banks. Each month from November 2013-September
2014 are plotted separately.
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Figure 76 Turtle habitat use and tidal phase Wiggins Island May 2013 — April 2014. Box and whisker plot of
mean (x 95% Cl) number of detections against tide heightfor receivers in the channel, channel edge,

intertidal flat and subtidal flat, mangrove drain and Wiggins channel at Wiggins Island. Each month from May

2013-April 2014 are plotted separately.
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Figure 77 Turtle habitat use and tidal phase Wiggins Island May — September 2014. Box and whisker plot of
mean (£ 95% Cl) number of detections against tide height for receivers in the channel, channel edge,
intertidal flat and subtidal flat, mangrove drain and Wiggins channel at Wiggins Island. Each month from
May-September 2014 are plotted separately.

To further investigate individual and population level habitat use at high and low tide, 50 and 95%
KUD’s of animals tagged at Pelican Banksand Wiggins Islands were calculated for the periods one
hour before and after low tide and high tide and the contour plotted and area calculated. For animals
tagged at Pelican Banks, the cumulative 50% and 95% KUD areas at high tide were 2.1 km*and 13.6
km?, respectively which were smaller than corresponding low tide 50% and 95% KUD areas (3.5 km?
and 19.3 km?). At high tide, the 50% KUD was primarily on the intertidal and subtidalflat on the
western side of Pelican Banks with little overlap with the channel, however at low tide, the animals
moved into deeper water in the centre of Pelican Banks with much greater overlap with the channel

(Figure 78). There difference in the habitat encompassed by the 95% KUD contour was less obvious
but with the same trend towardsa shift towards the east at low tide.
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Figure 78 Tidal influence on cumulative habitat use by turtles at Pelican Banks. The 50 and 95% KUD contours
of detections from 32 green turtles one houreitherside of low tide and high tide at Pelican Banks. Capture
locations of individuals are represented as yellow triangles.

For animals tagged at WigginsIsland, the 50 and 95% KUD areas at high tide (1.7 and 7.8 km2,
respectively) were slightly bigger than those at low tide (1.1 and 7.1 km2, respectively). At low tide,
the 50% KUD was centred on the mangrove drain where the majority of turtles were tagged. This
area had a water depth of 1-4 m at low tide whereasthe surround flats dried 2-3 h before low tide.
At high tide, the 50% KUD extended towards the channel edge and also to the intertidal flat to the
northwest of the mangrove drain. The 95% KUD shapes were very similar with slightly more use of
the channel edge at low tide (Figure 79).There was no movement across the shipping channel at
either high or low tide.
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Despite the consistent use of intertidal and subtidal habitat at high tide at the population level
(Figure 78), there was also individual variationin high and low tide habitat use at Pelican Banks. For
turtle 27949, a 106 cm CCL adult female turtle detected on 495 days, there wasvery little overlap
between high and low tide 50% KUD’s which were centred onthe intertidal and subtidal flats and the
channel, respectively with the majority of the high tide detections coming from one receiver in the
channel (Figure 80A). Both the 50 and 95% high tide KUD’swere significantly larger thanthe size of
the low tide KUD area.

For turtle 27938, a 101 cm CCL adult female turtle detected on 273 days, there were was a distinct
separation of the high and low tide 50% KUD that were centred on the intertidal and subtidal area
and the channel, respectively. The 50 and 95% high tide KUD’s were slightly larger than the low tide
KUD (Figure 80B).

Turtle 28352 was a 93.6 cm CCL adult male detected on 131 days with no overlap of 50% high and

low tide KUD’s. This individual was using the intertidal flats with high seagrass density at high tide

and retreated to the channel during low tide (Figure 80C). The 50 high tide KUD wasnearly double the
size of the 50% high tide KUD whereas the 95% high tide KUD was marginally bigger thanthe 95% low
tide KUD.
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Turtle 27928 was a 101 cm CCL adult female detected on 273 days with no overlap of 50% high tide
KUD and low tide KUD. Although this animal was clearly using the subtidal flats at high tide, at low
tide it moved to the intertidal flat and channel to the north east that had fairly high density of
seagrass (Figure 80D). Boththe 50 and 95% high and low tide KUD’swere of similar sizein this
individual, with both the high tide KUD’s more than double the size of low tide KUD areas.

Itis apparent from these four examples that for individuals on the Pelican Banks, there are subtle
differences in their high and low tide foraging and or resting areas with some animals spending high
tide over dense seagrass beds to the south west, whereasothers are spread across gradients of
seagrass density.

In contrast to Pelican Banks, high and low tide home ranges of animals tagged at Wiggins Island,

were similar in shape, size and habitat at the population level, however, there was individual
variation in high and low tide habitat use. For turtle 27951, a 51.8 cm CCL juvenile female turtle
capturedin the mangrove drain and detected on 458 days, there was very little overlap between high
and low tide 50% KUD’s which were centred on the intertidal flats and mangrove drain and subtidal
flats, respectively, to the west of Wiggins Island. Animals also utilised the area tothe south of Wiggins
Island at high tide (Figure 81A). At low tide, the 95% KUD extended further into the shipping channel
but overall, the 50 and 95 % high tide KUD area were of similar size to low tide KUD area.

For turtle 27950, a 54.6 cm CCL juvenile male turtle capturedin the mangrove drain and detected on
448 days, there were wassome overlap in the high and low tide 50% KUD subtidal area, withthe low
tide KUD extending further towards the channel edge (Figure 81B). Overall, the 50% low tide KUD
was nearly twice as large as the 50% high tide KUD. Aswith turtle 27951, atlow tide, the 95% KUD
extended further into the shipping channel with 95% high tide KUD extending further west up the
mangrove drain. Overall, 95% high tide KUD areaswere of similar size to 95% low tide KUD area.

Turtle 27947 was a 58 cm CCL juvenile male tagged adjacent to Wiggins Island and detected on 413
days. At high tide, the 50% KUD was exclusively abutting Wiggins Island whereas at low tide,
although the animal was also recorded close to Wiggins Island, some of the 50% KUD was also
centred on the intertidal flats and channel edge to the north of Wiggins Island resulting in the low
tide 50% KUD being nearly double the size of the high tide 50% KUD (Figure 81C). Aswith the 50%
KUD, the 95% high tide KUD was larger and extended further towards the shipping channel than the
low tide KUD.

Turtle 27931 was a 51.4 cm CCL juvenile female taggedin the mangrove drainand detected on 273
days (Figure 81D). While the high and low tide 50% KUD’s were of similar size, there was no overlap.
The 50% high tide KUD was centred onthe receiverin a deep (5 m) hole near the upstream limit of
the mangrove drain, whereasthe 50% low tide KUD was centred on the receiverimmediately
downstream also within the mangrove drain. The 95% high and low tide KUD’s showed a similar
pattern, however thisanimal was also detected adjacent to WigginsIsland at high tide but not at low
tide.

138 | Towards anintegrate d study of the Glads tone marine system



Percen Seagrass cover
‘0 2140202@5@70

A

= Pelican_Depth (m)

& .7
=05
®:0
" 05

™~ "1

2 15

L4

@

s

@

)

o

o

&

2

g

KUD contow
— 50% KUD low tde [
= 95 % KUD low tide
o — 50 KUD high tide
< 95% KUD high tide 1 Receiver locations
15128 15129 151.30 151.31 15132 151.33 151.34

Percent Seagrass cover
‘0 2140220 2@5@70

C

2 Pefican_Depth (m)!

& .7
" .05
80
" 05

~ "1

a’ 15

L)

@

i

©

o

@

P

©

)

@

&

KUD contow
— 50% KUD low tide
= 95 % KUD low tide
o 50 KUD high tide
X3 95% KUD high tide: 1 Receiver locations
15128 15129 151.30 151.31 151.32 151.33 151.34

-2378 2377 -2376

-23.78

@
o

-2381

Percent Seagrass cover
‘0 214020 2@5@70

2377 -2376

-2378

KUD contour
— 50% KUD low tide |8
= 95 % KUD low tide
— 50 KUD high tide
95% KUD high tide

-2381

Percent Seagrass cover
‘0 2140202@5@70

KUD contowr
— 50% KUD low tide
= 95 9% KUD low tide
50 KUD high tide
95% KUD high tide

15128 15129 151.30 151.31 151.32 151.33

15128 15129 151.30 151.31 15132 151.33

B

Pelican_Depth (m)
.7
=05
80
" 05
-1

15

1 Receiver locations

151.34

D

Pelican_Depth (m)

1 Receiver locations

151.34

Figure 80 The 50 and 95% KUD high and low tide contours for turtles Pelican Banks May 2013. Calculated from detections one hour eitherside of low and high tide for
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3.9 Nestingmovement

One of the adult females turtlesthat was captured at Pelican banks in May 2013 and tagged withan
acoustic (27928) and flipper tags (QA 34792) was recorded daily within the Pelican Banks array
between 2 May-25 September 2013 at which time the animal disappeared from the array for nearly
five months. On the 18 February 2014, it was againrecorded and thereafter it was detected daily
until the last download of acoustic receivers in mid-September 2014. This animal was recorded
nesting on Lady Musgrave Island in the Capricorn Bunker Group in December 2013 (C. Limpus pers.
comm.) with the acoustic data providing data on when the animal left and returned to its foraging
ground between nesting.

3.10 Long term residency

There wasa decline in the number of turtlesremaining within the Pelican Banks and Wiggins Island
arrayover time with animalstagged at Pelican Banks much more likely to leave the arraythan
animals at Wiggins Island. For adult animals (96—114 cm CCL) tagged at Pelican Banks, after 510 days
since the first animals were taggedin May 2013, only 37% of females and 10% of males were still
being detected within the 12 km? array of receivers at Pelican Banks(Figure 82). For juvenile and sub-
adult animals (43-75 cm CCL), after 510 days since the first animals were taggedin May 2013, only
50% of females, 36% of animals of unknown sex and no males were still being detected within the 12
km? array of receivers at Pelican Banks (Figure 83). Of those animals tagged at Wiggins Island in May
2013, after 510 days, 100% of females, 40% of males and 28% of animals of unknown sex were still
being detected within the 16 km? array of receivers (Figure 84). At both Pelican Banksand Wiggins
Island, across all sizes, maleswere much more likely to depart the arraythan females, suggesting
that males are possibly more transient than females.
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date of tagging to the last download of receivers on 14 September 2014. For females, six turtles were tagged
in May and six in November 2013 (210 days). For males, six were tagged in May and three in November.
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Figure 83 Number of taggedturtles 43—75 an CCL at Pelican Banksover the study period. Long term decline
in the number of female, male andturtles of unknown sex remaining between 43-75 cm CLL remainingat
Pelican Banks and Wiggins Island array. Data represent all juvenile and subadult greenturtles between43-75
cm CCL taggedwithacoustictags at Pelican Banksfrom date of tagging to thelast download of receivers on
14 September 2014. For females, 8 turtles were taggedin May 2013. For males, one was taggedin May 2013.
The sex of all turtles was known in May 2013, however sex of three turtles was unknown inNovember 2013.
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Figure 84 Number of tagged turtles 43-75 an CCL at Wiggins Island over the study period. Long term decline in
the number of female, male and turtles of unknown sex remaining in the Wiggins Island array. Data represent
all juvenile green turtlestagged with acoustictags at WigginslIsland from date of tagging to the last download
of receivers on 14 September 2014. For femalesand males, five and four turtles were tagged in May, respectively.
The sex of all turtles was known in May 2013; however sexof all seven turtles tagged inNovember 2013 was
unknown.

3.11 Satellite tag turtle tracking data

Satellite tags were deployed on five turtles at both Pelican Banks and Wiggins Island. At Pelican
Banks, only two of the animals with satellite tags remained withinthe array of receivers in Gladstone
Harbour with three individuals moving north and south along the coast shortly after tagging. All
animals tagged with satellite tags were also tagged with acoustic tags enabling a comparison
between the two tag types. Three animals left the array shortly after tagging with the satellite tags
providing information on where these turtles went.

An immature pubescent female turtle of 101.6 cm CCL (satellite tag 126273, acoustic tag ID = 27926)
was detected by satellite 1140 times between 1/5/2013 and 4/2/2014 (Figure 85). This individual left
Pelican Banks 15 days after it wastagged. Over a period of 15 days it moved 271 km south along the
Queensland coast directly to Hervey Bay where it remained within a small area from 31 May—-17
December (50% KUD = 0.7—-2.76 km?). On the 18 December, this animal moved ~ 55 km north along
the coast and was between Elliot Heads and Woodgate Beach from 26—30 December before moving
back to Hervey Bay where it returned to the same small area it had occupied on the 3 January. It
remained in this area until February when the tag stopped transmitting (Figure 86).

Diving depth from the satellite tag showed that this animal spent 80% of its time less than 4 m under
the surface and approximately 60% of its time less than 2 m under the surface (Figure 87). Between
May and September, average daily depth was approximately 5 m, whereas from October 2013
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February 2014, average daily depth was approximately 2.5 m suggesting a slight shift in feeding
behaviour and area despite the animal remaining within a small area (Figure 88). The deepest dive
was 25 m which occurred when the animal moved between Gladstone and Hervey Bayin May 2013.
The second deepest dive was 17 m when the animal moved from Hervey Bayto Elliot Heads in
December 2013.

An adult female turtle of 113.8 cm CCL (satellite tag 126274, acoustic tag ID = 27926) was detected
665 times between 1/5/2013 and 15/10/2013 (Figure 89). This individual left Pelican Banks 1 day
after it wasreleased and over a period of 5 days moved 182 km directly to West Water, a small inlet
north of Byfield National Park, where it remained within a small area from 7 May-23 July (50% KUD =
0.59-0.79 km?). Onthe 23 July, this animal moved south along the coast and entered Baffle Creek,
313 km to the south of West Water on 14 August 2013. It remained within Baffle Creek untilthe 15
October when the tag stopped transmitting and during this time the 50% KUD was between 0.79—
1.79 km? (Figure 90).

Diving depth from the satellite tag showed that this animal spent 90% of its time less than 4 m under
the surface and approximately 60% of its time less than 2 m under the surface (Figure 91). Average
daily depth was less than 5 m for the entire track, with the deepest dives to 17 m occurring when the
animal moved between Gladstone and Port Clinton in May 2013 (Figure 92). The second deepest dive
was 15 m when the animal moved from Port Clinton to Baffle Creek in August 2013. Average water
depth was similar in Port Clinton and Baffle Creek.

An adult female of 106.0 cm CCL (satellite tag 131869, acoustic tag ID = 16229) was detected 523
times between 7/11/2013 and 17/2/2014 (Figure 93). This individuals left Pelican Banks 1 day after it
was released and over a period of 6 days moved approximately 237 km north directly to Shoalwater
Bay, where it remained within a small area from 13 November 2013-17 January 2014 (50% KUD =
1.89 km?). On the 17 January, this animal moved south along the coast arriving at the area between

Elliot Heads and Woodgate on the 28 January 2014, approximately 435 km to the south of
Shoalwater Bay. It remained in this area untilthe 17 February 2014 when the tag stopped (Figure 94).

Diving depth from the satellite tag showed that this animal spent 90% of its time less than 4 m under
the surface and approximately 75% of its time less than 2 m under the surface (Figure 95). Average
daily depth was less than 5 m until mid-January 2014 with the deepest divesto 25 m occurring when
the animal moved from Gladstone to Shoalwater Bay in November 2013 (Figure 96). The second
deepest dive was also to 25 m when the animal moved from Shoalwater Bay to Elliot Headsin
January 2014. While this animal was between Elliot Head and Woodgate Beach, average water depth
was between 5—-10 m with dives below 15 recorded on all days that data were recorded.
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Figure 85 Map of turtle movement (satellite tag PTT=126273). Track showing monthly GPS (Fastloc)
detections of satellite tag (PTT=126273, Acoustic Tag ID = 27926) from May 2013—February 2014 of a
pubescent immaturefemale of 101.6 cm CCL.
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Figure 86 Monthly GPS detections of satellitetag 126273 (pubescentimmature female of 101.6 cm CCL) with
each panelrepresenting amonth. Animal was tagged at Pelican Banks with tag location shown as ablack

asterisk.

146 | Towards anintegrate d study of the Glads tone marine system



1.0

- SMTID: 881
N=178

Froportion of time

FT L e |
0 2 4 6 8 10 12 14 16 18 20 25

00 02 04 08 08
|

Depth {m)
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126273,101.6 cm CCL).
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Figure 90 Monthly GPS detections of satellite tag 126274 (mature female of 113.8 cm CCL) with each panel
representing amonth. Animal was tagged at Pelican Banks with taglocation shown as ablack asterisk.
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Figure 91 Proportion of time (SD) spent at depthfor amaturefemaleturtle(tag126274,113.8 cm CCL).
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Figure 92 Plot of average time spent at depth per day (black line) for amature female turtle (tag 126274,
113.8 cm CCL).
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Figure 93 Map of turtle movement (satellite tag PTT =131869). Monthly GPS (Fastloc) detections of satellite
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cm CCL.
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Figure 95 Proportion of time (+ SD) spent at depth for amature female turtle (tag 131869,96.2 cm CCL).
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Figure 96 Plot of average time spent at depth per day (bladk line) for a mature female turtle (tag 131869, 96.2 cm
CCL).
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Two of the turtles tagged with satellite tags at Pelican Banks remained within Gladstone Harbour. An
adult male turtle of 97.7 cm CCL with satellite tag 131868 (acoustic tag ID = 26568) was tagged onthe
6/11/13 at Pelican Banks (Figure 97) and its satellite tag was detected on 793 occasion between
7/11/2013-14/6/2014. Following tagging this animal moved as far south as South TreesIsland within
Gladstone Harbour and movedto the area around WigginsIsland before moving back to Pelican
Banks on the 13 November 2013. During December 2013 it moved between Pelican Banksand
Wiggins Island with the 50% KUD in November and December between 23-35 km? (Figure 98).
During January, the majority of time was spent around Pelican Banks (50% KUD = 5.4 km?) before
moving to Wiggins Island in February where it remained until 14 June 2014. During this time the 50%
KUD was between 1.14-3.36 km?. The satellitetag stopped transmitting on the 14 June 2014 while
the acoustic tag showed that thisanimal remained at Wiggins Island until 23 June 2014 with no
further detection beyond this date.

Diving depth from the satellite tag showed that this animal spent 85% of its time less than 2 m under
the surface (Figure 99). Average daily depth was less than 2.5 m from November 2013—March 2014
with the deepest dives to 25 m occurring when the animal moved between Pelican Banks and South
Trees. Dives to 20 m were recorded when the animal moved between Pelican Banks and Wiggins
Island in December 2013 (Figure 100). From March—July 2014 while the animal was resident at
Wiggins Island, no dives deeper than 6 m were recorded and the average daily depth was
approximately 1.5 m which was approximately 1 m shallower than when the animals was resident at
Pelican Banks (average depth of 2.5 m).

An adult female turtle with satellite tag 126272 (acoustic tagID=27949), was 106 cm CCL and tagged
at Pelican Bankson 2/5/2013. The satellite tag on this individual was detected on 793 occasions
between 2/5/2013-21/11/2013. Thisanimal remained at Pelican Banksfor the entire duration with
the 50% KUD between 0.51-1.14 km? in the seven months it was detected (Figure 101 and Figure
102).

Diving depth from the satellite tag showed that this animal spent 85% of its time less than 2 m under
the surface (Figure 103). Average daily depth was between 1-3 m for the duraction of the monitoring
period with regular daily divesto 7 m and occasional divesto 10 m (Figure 104).
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Figure 97 Map of turtle movement (satellite tag PTT = 131868). Monthly GPS (Fastloc) detections of satellite

tag (PTT = 131868, Acoustic Tag ID =26568) from November 2013-June 2014 of amature male of 97.7 cm
CCL.
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Figure 98 Monthly GPS detections of satellite tag 131868 (mature male of 97.7 cm CCL) with each panel
representing amonth. Animal was capturedat Pelican Banks with capture location shownas a black asterisk.
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Figure 99 Proportion of time (x SD) spent at depthfor amature male turtle (tag 131868,97.7 cm CCL).
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Figure 100 Plot of average time spent at depth per day (black line) for amature male turtle (tag131868,97.7
cm CCL).
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Figure 101 Map of turtle movement (satellite tag PTT = 126272). Monthly GPS (Fastloc) detections of satellite
tag (PTT=126272, AcousticTag ID = 27949) from May 2013 —November 2014 of amature female of 106.2 an

CCL.
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representing amonth.Animal was tagged at Pelican Banks with capture location shown as a black asterisk.
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Figure 104 Plot of average time spent at depth per day (black line) for a mature female turtle (tag 126272,
CCL106.2cm).

Five satellite tagswere deployed on juvenile turtles capture at Wiggins Island. One of the satellite
tags(satellite tag ID 131871, acoustic tag ID 27629) deployed at Wiggins Island malfunctioned with
the GPS antenna not providing any data. From the detection of the acoustic tag, we know this
individual remained around Wiggins Island from the time it was tagged in November 2013 until
September 2014. The other four individuals remained around Wiggins Island with an average home

range of 0.98 km?.

A juvenile male turtle of 58.8 cm CCL was captured along the north western edge of Wiggins Island
(satellite tag ID 126275, acoustic tag ID 27947) and detected 925 times between 1/5/2013 and
4/5/2014 (Figure 105). Average monthly 50% KUD ranged from 0.20-0.63 km? with the animal mainly
detected around Wiggins Island and the rock wall along the south western bank of the mouth of the
Calliope River (Figure 106). From May—September it was detected around Wiggins Island and the
mouth of the Calliope and then between October — December only around Wiggins Island. During
January and February 2014 it was detected around Wiggins Island the rock wall and then only
detected around Wiggins Island from March—May 2014. Figure 107 showsthe location of the rock
wall and mangrove covered Wiggins Islands.

Diving depth from the satellite tag showed this animal spent 90% of its time less than 2 m under the
surface (Figure 107). Average daily depth was less than 2.5 m for the entire monitoring period with

deepest dives to 11 m which occurred when the animal moved between Wiggins Island and the rock
wall at the mouth of the Calliope River (Figure 108). Regular dives to 7 m were recorded throughout

the monitoring period.

The other three animals tagged with satellite and acoustic tagsaround Wiggins Island were all
capturedin the mangrove drain and displayed very similar movement patternswith a large
proportion of detections occurring within the drain.

A juvenile male turtle of 54.6 cm CCL (satellitetag ID 126267, acoustic tag ID 27950) was detected on
295 occasions between 1/5/13 and 10/11/13 (Figure 109). Average monthly 50% KUD ranged from
1.5-4.0 km? with detections in May, June and September predominantly adjacent to the mangrove
drain and intertidal and subtidal flats tothe northeast of the mangrove drain (Figure 110 and Figure
111). During May this individual was also recorded along the mangrove fringe to the southwest of
where it was captured (Figure 110). InJuly and August, the majority of detections were on intertidal
and subtidal flats with few detections within the mangrove drain (Figure 110).
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Diving depth from the satellite tag showed this animal spent 85% of its time less than 2 m under the
surface (Figure 112). Average daily depth was less than 1.5—-3.5 m for the entire monitoring period
with the deepest dives up to 12 m and consistent daily divesto 7 m (Figure 113).

A juvenile of 52.1cm CCL and unknown sex (satellite tag ID 131862, acoustic tag ID 31598) was
detected on 1110 occasions between5/11/13 and 27/2/14 (Figure 114). Average monthly 50% KUD
ranged from 0.46-1.03 km? with detections in November and December predominantly in the
mangrove drain and intertidal and subtidal flats to the northeast of the mangrove drain (Figure 115
and Figure 116). During February, this individual was primarily detected within the mangrove drain
(Figure 115). No depth data was obtained from the satellite tag on this animal.

A juvenile turtle of 52.7 cm CCL and unknown sex (satellite tag ID 131872, acoustic tag ID 29771) was
detected on 1365 occasions between 7/11/13 and 18/4/14 (Figure 117). Average monthly 50% KUD
area ranged from 0.32 0.70 km? with detection in November and December predominantly in the
mangrove drain as well as the intertidal and subtidal flats to the north-west of the mangrove drain
(Figure 118 and Figure 116). In December 2013, and April and May 2014 there were a few detections
along the edge of the shipping channel, however the majority of detections occurred along the
mangrove drain, and intertidal and subtidal flats (Figure 118 and Figure 119).

Diving depth from the satellite tag showed this animal spent 85% of its time less than 2 m under the
surface (Figure 119). Average daily depth was between 0.5-2.5 mfor the entire monitoring period
with the deepest dives up to 13 m and consistent daily divesto 9 m (Figure 120).
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Figure 105 Map of turtle movement (satellite tag PTT =126275). Monthly GPS (Fastloc) detections of satellite
tag (PTT=126275, Acoustic TagID =27947) from May 2013-May 2014 of a juvenile male of 58.8 an CCL.
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Figure 106 Monthly GPS detections of satellite tag 126275 (juvenile male of 58.8 cm CCL) with each panel
representing amonth.Capture location indicated byblack asterisk.
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Figure 107 Proportionof time (+SD) spent at depth for a juvenile maleturtle (tag 126275, 58.8 cm CCL).
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Figure 108 Plot of average time spent at depthper day(black line) for ajuvenile male turtle (tag126275,58.8
cm CCL).
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Figure 109 Map of turtle movement (satellite tag PTT=126273). Monthly GPS (Fastloc) detections of satellite
tag (PTT=126276, AcousticTagID =27950) from May 2013 — May 2014 of a juvenile male of 54.6 cm CCL.
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Figure 110 Monthly GPS detections of satellite tag 126276 (juvenile male of 54.6 cm CCL) with each panel
representing amonth. Tag location indicated by black asterisk.
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Figure 111 Fastloc detections of satellite tag 126275 (red circles; juvenile male of58.8 cm CCL) and 126276
(white circles; juvenile male of 54.6 cm CCL) around Wiggins Island and the mangrove drain. Capture location
shown by same coloured pin.
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Figure 112 Proportion of time (+ SD) spent at depth for a juvenile male turtle (tag 126276,54.6 cm CCL).
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Figure 113 Plot of average time spent at depth perday (black line) for a juvenile male turtle (tag 126276,54 .6
cm CCL).
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Figure 114 Map of turtle movement (satellite tag PTT =131862). Monthly GPS (Fastloc) detections of satellite
tag (PTT =131862, Acoustic Tag ID =31598) from November 2013 —February2014. Coloured points
indicatate detections in each month of a juvenile (unknown sex) of 52.1 cm CCL.
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Figure 115 Monthly GPS detections (red points) of satellitetag 131862 (juvenile (unknown sex) of 52.1 cm
CCL) with each panel representing amonth. Capture location shown as black asterisk.
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Figure 116 Fastloc detection of satellite tag 131872 (yellow squares; juvenile of 52.7 an CCL) and 131862
(green drops; juvenile of 52.1 an CCL) around Wiggins Island and the mangrove drain. Capture Locations of
both individuals shown by white pin.
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Figure 117 Map of turtle movement (satellite tag PTT =131872). Monthly GPS (Fastloc) detections of satellite
tag (PTT =131872, Acoustic Tag ID=29771)from November 2013 —May 2014 of a juvenile (unknownsex) of
52.7 cm CCL.
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Figure 118 Monthly GPS detections of satellite tag 131872 (juvenile (unknown sex) of 52.7 an CCL) with each

panel representing amonth. Capture location indicated by black asterisk.
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Figure 119 Proportionof time (SD) spent in depth for a juvenile turtle (tag 131872,52.7 cm CCL).
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Figure 120 Plot of average time spent at depth perday (black line) for a juvenile turtle (tag 131872,52.7 cm
CCL).

3.12Comparison of satellite and acoustic data

For animals that departedthe arrayshortly after tagging (satellitetag ID 126273, 126274 and
131869), satellite tags provide the only long term data on the movement and habitat use withthe
detection span from satellite tags greater thanthat for acoustic tags (Table 3.8). Interestingly, of
these animals that moved awayfrom Gladstone, both animals that moved north and then south
(satellite tagIDs 126273 and 131869) were detected by the array of receivers on their way past
Gladstone in August 2013 and January 2014, respectively, suggesting that strategically placed
acoustic receivers along the Queensland and New South Wales coastline would provide long term
data on the timing and distance of foraging and nesting movements for this species.

For all animals with both tag types the average detection span from satellite tagswas 7.2 (+ 0.9 SE)
months and for acoustic tags9.0 (+ 2.1) months, which was not significantly different (p = 0.4, t-test).
For animals that remained within the array, the detection span from acoustic tags wassignificantly
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greater (12.6 £ 1.5 months) than satellite tags (7.6 £ 1.4 months) (p <0.03, t-test). For all double
taggedanimals, acoustic tags provided onaverage 57 times more detections per month than satellite
tags. The significantly higher number of detections combined with a longer detection span from
acoustic tags enabled a more thorough and detailed interpretation of habitat use. Two of the turtles
tagged with both satellite and acoustic tagsat WigginsIslandin November 2013 had the acoustic
tags secured to a PVC sleeve which reduced the number of detections (see Chapter V). For these two
individuals (satellite tag ID 131862 and 131872), the number of monthly detections from satellite
tags was similar to or greaterthanacoustic tags which was attributed to the signal attenuation
caused by the PVC sleeve around the acoustic tag as these animals remained within the arrayandin
close proximity to the receivers.

The benefit of satellite tags is that that they provide information onananimal’s location when it is in
an area not covered by acoustic receivers. However, as the comparisons of 50 and 95% KUD’s
illustrate, the home range estimates of individuals generated from satellite telemetry can
underestimate home range size due to the small number of detections combined with the fact that
the majority of satellite detections appear to occur in sheltered waters. Thiswas particularly
apparentin small turtles at Wiggins Island with the 50% KUD primarily confined to either the upper
reaches of the mangrove drain or on the lee side of Wiggins Island.
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Table 3.8 Comparison of the number of detections per month for SPLASH F10satellite tags (Fastloc detections via ARGOS) and VEMCO acoustic tags (from acousticreceiversin
Gladstone Harbour) on turtles fittedwith both tagtypes. Dark and light shading represents satellite and acoustictag pairson the same individual.

May- Jun-13 Jul-13 Aug-13  Sep-13 Oct-13 Nov-13  Dec-13  Jan-14 Feb-14  Mar-14  Apr-14 May-14 Jun-14 Jul-14 Aug-14  Sepld

13

Satellite tag:126272 111 77 44 106 219 170 67 0 0 0 0 0 0 0 0 0 0
Acoustic tag:27949 2362 3568 3650 5260 3089 2941 2221 1099 1372 2001 3392 3823 3827 3532 4576 3794 1459
Satellite tag:126273 232 0 64 241 110 160 137 169 17 2 0 0 0 0 0 0 0
Acoustic tag:27926 224 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Satellite tag:126274 145 155 124 91 92 58 0 0 0 0 0 0 0 0 0 0 0
Acoustic tag:126274 136 0 0 481 0 0 0 0 0 0 0 0 0 0 0 0 0
Satellite tag:126275 74 84 88 93 94 43 64 20 91 75 31 142 30 0 0 0 0
Acoustic tag:126275 7070 1778 3093 2500 1984 903 650 940 1887 957 768 1522 2862 1549 1299 2314 1048
Satellite tag:126276 78 53 22 65 68 10 0 0 0 0 0 0 0 0 0 0 0
Acoustic tag:27950 4921 10139 13012 15785 8334 9064 5705 4195 5105 4199 6543 4986 6306 7066 10582 8348 2847
Satellite tag:131862 275 441 191 207 0 0 0 0 0 0 0
Acoustic tag:31598 1157 664 160 45 58 139 234 80 568 352 47
Satellite tag:131868 254 202 55 130 356 353 312 64 0 0 0
Acoustic tag:26568 1045 1390 1320 1435 2138 1498 361l 3382 0 0 0
Satellite tag:131869 143 249 116 16 0 0 0 0 0 0 0
Acoustic tag:16229 9 0 7 0 0 0 0 0 0 0 0
Satellite tag:131872 251 168 186 179 222 236 129 0 0 0 0
Acoustic tag:29771 9 18 19 24 41 34 107 173 0 0 0
Satellite tag:131871* 0 0 0 0 0 0 0 0 0 0 0
Acoustic tag:27629 1300 1446 1013 627 499 903 863 691 1200 919 125

* satellitetag failed
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For animals that remained within the array or receivers, the size and shape of KUD’s calculated from
satellite and acoustic detections were broadly similar. For animals that maintained a relatively small
home range (50% KUD < 2.7km?), in four out of five instances, the 50% KUD from acoustic telemetry
was 1.5-2.9times greater than that calculated using satellite telemetry over the same time period
(Table 3.9). In these four animals, 95% KUD area from acoustic telemetry were more similar to those
from satellite telemetry but weresstill 1.12—1.4 times greater (Table 3.9). For the animals captured at
Pelican Banks, only one animal remainedin the vicinity of where it was captured. The distribution of
the 50% KUD area from satellite telemetry of this animal (satellite tag ID 126272) had a slight overlap
with the 50% KUD from acoustic telemetry whereas the 95% KUD from both tagswere similar (Figure
121). The other animal tagged at Pelican Banks moved between Pelican Banks and Wiggins Island
with the 50 and 95% KUD’sfrom satellite telemetry due primarily to the fact that the area between
Wiggins Island and Pelican Banks did not have receiver coverage but also due to satellite detection
upstream of the most upstream receiver within the mangrove drain (Figure 122).

For those animals tagged at WigginsIsland, the estimate of KUD area from satellite telemetry was
larger than that from acoustic telemetry for only one individual (satellite tag ID 126276) due to the
fact that this animal was detected both within the array of receivers but also upstream of the most
upstream receiver within the mangrove drain where it could be detected by acoustic receivers
(Figure 123). This resulted in the 50 and 95 % KUD area from satellite detections being 2.3 times and
1.8 times greater thanthose acoustic detections.

For the other three animals tagged at WigginslIsland (tag D 131862, 131872, 126275), satellite
telemetry underestimated KUD with the 50 % KUD centred around the upper reaches of the
mangrove drain for animals captured in this habitat (Figure 124 and Figure 125) or on the northwest
side of Wiggins Island for the individual captured at this location (Figure 126). In all three animals,
there were high numbers of detections on acoustic receivers in locations where there were few
satellite detections resulting in the 50% KUD from acoustic detections being centred on different
areas. For animals taggedin the mangrove drain, the use of the intertidaland subtidal flats to the
north of the mangrove drain was underestimated from satellite telemetry. Similarly, for the animal
taggedat Wiggins Island, the 50% KUD from acoustic detection illustrated that the animal spent a
considerable amount of time immediately to the south of Wiggins Island and also to the west of the
northern tip of Wiggins Island (Figure 126).

Table 3.9 Comparison of 50 and 95% KUD area (kmz) calculated fremimaged lise teleyetthy shdsaseustitine system | 171
telemetry(in parenthesis)for six individual green turtles tagged with both tag types that remained within
the array for long periods of time. Turtles that remained within asmall area are denoted by an asterisk.

Satellite tag ID 50 % KUD area (km?) 95 % KUD area (km2)
126272% 0.62(0.95) 3.40(4.11)

126275* 0.19(0.54) 2.14(2.67)

126276* 2.64(1.12) 10.29(5.76)

131862* 0.46(1.32) 4.28(4.79)

131868 7.28(4.50) 64.11(25.20)

131872* 0.29(0.56) 2.53(3.62)




Percent Seagrass cover
‘0 014029 2@ 55@70

r(E_ Pelican_Depth (m)
& -
=05
5Q
=05
rr-: 1
- 15
o
[1e)
~
2
a
(93]
r~
o
o
(=]
@
o)
o
KUD caontour
50% KUD Acoustic
95 % KUD Acoustic . .
5 50% KUD Satelite * Receiver locations
2 95% KUD Satellite

I I I I
151.28 151.29 151.30 151.31 151.32 151.33 151.34
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4 Discussion

4.1 Turtle Movement

The results of the current study have demonstrated that for juvenile and adult greenturtles in
Gladstone, average cumulative home range was 1.3+ 0.2 km? and 6.7 + 0.8 km? for 50 and 95%
KUD'’s, respectively. These estimates of home range are within the range of other studies using a
variety of methods from tag returns, visual observations, active boat based acoustic telemetry,
satellite telemetry and passive acoustic telemetry to estimate home range. Markrecapture studies
demonstrate long term fidelity of juvenile (Hirth et al. 1992) and adult greenturtles (Limpus and
Read 1985; Limpus et al. 1992) but do not provide data on the extent of habitat use and movement
between recaptures. Limpus et al. (1992) also demonstrated adult females returnto the same
foraging area following extensive breeding migrations. Frequent resighting and acoustic telemetry of
juvenile turtles demonstrated that juveniles remained within the same small area over a periodof 10
weeks (Brand-Gardner et al. 1999). The majority of research has demonstrated that greenturtles use
a restrictedareas with either 95% KUD and or Minimum Convex Polygon (MCP) estimates less than
10 km? and 50% KUD between 0.18-4.04km? (Mendoca1983; Brill et al. 1995; Renaud et al. 1994;
Whiting and Miller 1998; Seminoff et al. 2002; Makowski et al. 2006; MacDonaldetal. 2012).

Mendonca (1983) studied the home ranges of nine juvenile greenturtles in Mosquito Lagoon,
Florida, and found that the turtle’s daily movements were confined to areas between 0.48 and 5.06
km? and centred around shallow estuarine flats that contained concentrated beds of seagrass
(Syringodium filiforme and Halodule wrightii). Brill et al. (1995) found that the home ranges of 12
immature green turtlesin Kaneohe Bay, Oahu (Hawaii, USA) were restrictedtoan average of 2.62
km? (+0.96 km?) and were confined to tightly spaced coral-covered patches where macroalgae
growthwas most abundant.

Short-term foraging ranges of ten adult green turtlesin Repulse Bay, Australia, were between 0.84
and 8.50 km? with some animals moving up to 25 km between foraging areas (Whiting and Miller
1998). MacDonald et al. 2012 used acoustic telemetry to monitor movement of 25 juvenile and adult
greenturtles in San Diego Bay over a period of up to 370 days. Home range estimates (50% KUD)
were between 0.49-4.04 km?. Some of the smallest movements of juvenile green turtles have been
recorded on structured habitats such as reef or jetties where food resources are limited to areas of
hard substrate. Renaud et al. (1994) recorded daily movements for juvenile greenturtles along a rock
wall in South Padre Island, Texas, with nine home ranges between0.22and 3.11 km?. Similarly
Makowski et al. (2006) demonstrated a 50% KUD of between 0.18-1.17 km? in six juvenile green
turtles along worm-rock reefin Florida.

The largest green turtle home ranges have been described by Seminoff et al. (2002) who reported
home ranges of 12 green turtlesin Bahia de los Angeles, Gulf of California, Mexico from 5.84 to 39.08
km?. The large size of home rangesin these animals was attributed tothe large distance between
macroalgal food resources and benthic shelter. Although some of the turtles in the current study
moved between Pelican Banks and Wiggins Island, these individuals generally had a small foraging
area at eachsite and did not travel between areas on a daily basisas would be consistent with
animals moving between a foraging and resting area.
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The current study has demonstrated that turtlesat Pelican Banks had a home ranges significantly
larger than individuals at Wiggins Island. The majority of animals at Pelican Banks were adults
compared to only juveniles at Wiggins Island which may suggest that adults may forage over larger
distances than juveniles which is consistent with data of Whiting and Miller (1998) who
demonstrated that this was the case for greenturtles in Shoalwater Bay. However, MacDonald et al
(2012) demonstrated that larger adults have a smaller home range than juveniles which was
primarily attributed to adults having a better knowledge of habitat. Reasons for any differences
between home range size of individuals from Pelican Banks and Wiggins Island are likely to be
complex since, in addition to differences in the age of individuals at the two sites, food resources also
differ. The diet of animals we taggedin November 2013 has been analysed using oesophageal lavage
and stable isotope analysis (Prior 2014). Last bite analysis showed that animals at Pelican Banks fed
primarily on seagrass (Zostera muelleriand Halophila ovalis) as opposed to red algae (Catenella
nipae, Chondria sp., Hypnea sp., and Bostrychia tenella) at Wiggins Island (Prior, 2014). Itis apparent
that small scale differencesin the size and shape of an individual’s home range/foraging area are
common and that these differences are likely to be the result of complex interactions between
individual dietary preferences, spatio-temporal food availability, habitat complexity (shelter and
distribution of food resources) as well as knowledge of habitat (experience) and presence of
predators and threatening processes.

4.2 Tide related movements, channel use and shippinginteractions

Tide related movement has been described previously with turtles observed moving into intertidal
foraging areas as water depth allowed them to access these areasand then retreating to deeper
water on the ebb tide (Limpus et al. 1994). At Pelican Banks, movement ontothe intertidal flats at
high tide was consistent acrossall animals tagged in this area. Both the cumulative 50% KUD figures
as well as plots of habitat occupied against water depth, consistently demonstrated that animals
were using intertidal areas during the high tide and retreating tothe edge of the channel or the
channel at low tide. This movement up onto the flats at high tide is presumably related to the
availability of food resources, however the seagrass cover within low tide KUD’s was not appreciably
different to high tide KUD’s suggesting that other types of preferred algae and/or seagrass have been
more abundant in the intertidal areas only available at high tide. Analysis of the diet of green turtles
at Shoalwater Bay (Limpus et al. 2005) demonstrated that as different habitats become available to
the turtlesthrough the tidal cycle, the major food types consumed may change. Analysis of the diet
of greenturtles at Pelican Banks showed that these animals fed primarily on Zostera muelleriand
Halophila ovalis, with our data showing no appreciable difference in density of these species
between the high and low tide cumulative KUD’s.

At Wiggins Island, plots of habitat used against water depth demonstrated that animalswere
detected more often by receivers on the channel edge at low tide whereas at high tide animals were
detected more often in the mangrove drain. Plots of KUD at high and low tide for animals at Wiggins
Island were lessinformative in regardsto fine scale tidal movement. Thiswas presumably due to the
reduced receiver coverage at the mangrove fringe where turtles are feeding at high tide. However, it
was evident from the number of detections within the mangrove drain (GH7) and at the deep hole at
the top of this drain (GH49) that animals were moving up the drain and then into the mangrove
forest asthe tide rose. The number of detections in the mangrove drain at low tide was 3425 and
increased over the rising tide to 57,807 at high tide.
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All the turtles tagged at Wiggins Island and Pelican Banks were sampled for diet by oesophageal
lavage following capture (Prior, 2014). In turtles from Wiggins Island, the variety of algae species
(Catenella nipae, Chondria sp., Hypnea sp., and Bostrychia tenella) found in lavage samples support
the observed tidal related movement with these species known to be associated with mangrove
vegetation (Cribb 1996). Furthermore, the presence of pieces of mangrove barkand root in the diet
of these turtles suggests that turtles were foraging on epiphytic algae on mangroves.

Despite the strong tidal signal in these data, there wasindividual variation with a few animals not
showing a marked difference in home rangesize or distribution at high and low tide. This individual
variation is presumably in response to changesin the availability of preferred food resources
(seasonally and with water depth) resulting in subtle variation in the home range and tidal related
movements of individuals.

Highest commercial shipping traffic occurred in the deep shipping channelstothe north of Wiggins
Island (see Chapter V of this report). Although there was some commercial traffic within the channel
at Pelican Banks, this was limited to vessels of shallower draft. At Wiggins Island there was virtually
no overlap between 50 and 95% KUD’s of turtles (both satellite and acoustic telemetry) with high
commercial shipping traffic (Chapter V). Similarly, depth data from satellite tags on turtles at Wiggins
Island showed that animals were very rarely at depth greater than 10 m indicating that they did not
use the shipping channel for feeding or resting. Similar results have been demonstrated for green
turtles feeding on man-made structures (Renaud et al. 1994) and seagrass beds (MacDonald et al.
2012) with both these studies showing very little overlap with channelsadjacent to either feeding
grounds. Around Wigginsisland, there was no seagrass onthe intertidal and subtidal flats or any
other obvious source of food such as epiphytic algae outside of the mangrove forest, suggesting that
absence of food may have caused animals to remain close to available food sources.

At Pelican Banks, there wasa greater degree of overlap with the channel and channel edge which
was most likely due tothe presence of seagrassacross a depth gradient. Despite the home range of
animals at Pelican Banks encompassing the channel, very few animals crossed over to the eastern
side of the channel nearer to Facing Island, which may partially be explained by the reduced density
of seagrassin this area of Pelican Banks (Chapterl).

The use of intertidal areas by both turtlesand small recreational craft during high tides holds
reasonably high potential for interaction. The speed of recreational boatshas been shown to put
dugongs, turtlesand other marine species at higher risk of collision or disturbance (Grantand Lewis
2010; Hazel et al. 2007; Hodgson and Marsh 2007; Maitland et al. 2006) and we frequently observed
recreational vessels travelling in excess of 15 knots over the intertidal flats at Pelican Banks and toa
lesser extent at Wiggins Island.

While diurnal changesin habitat use have not been examinedin this report, this will form part of
future work. Turtlesat Pelican Banks showed a peak in the number of detections between 0400 and
1300 (Chapter V) which coincides roughly with the high tide (0.2-0.45 d since low tide). At Wiggins
Island, the number of detections had two peaks, one at 0400-0800 between 0.1-0.3 days since the
last low water, with another peak over the period 0000-1500 centred on 0.5 days since the previous
low (this is the period approaching the next low water— on average). These data suggest turtles at
Pelican Banks may have a stronger diurnal patternthan turtlesat WigginslIsland or that turtlesare
more likely to be detected during daylight hoursat Pelican Banks suggesting a diurnal shiftin habitat
use.
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Hazel et al. (2009) demonstrated that green turtles utilised different areas by day and by night, and
depth at night was greater than during the day. These shortterm data were consistent with
intermittent observations (visual — Bjorndal 1980; and acoustic — Mendonca 1983; Renaud et al.
1994; Taquet et al. 2006) and from short-term records of diving behaviour (Seminoff et al. 2001;
Makowski et al. 2006; Hazel et al. 2009) and support the theory that green turtles prefer to travel
and forage by day and then rest much of the night. While we don’t present day and night habitat use
in the current report, the data collected from acoustic telemetry will enable us to do this and it will
be conducted in the future to determine the extent of habitat differencesat day and night.

4.3 Comparison between areas and climaticvariability

For animals tagged in May 2013, juveniles of both sexes at Wiggins Island were more than twice as
likely to remainin the same foraging area for more than six months as either juveniles or adults at
Pelican Banks. The small and uneven sample size prevented a statistical comparison between those
animals taggedin May and November by sex and age class. However, the higher proportion of
animals leaving the foraging area at Pelican Banks up to six months after tagging in May 2013 may be
dueto the declinein food resources following record floods caused by ex-tropical cyclone Oswald
which resulted in significant seagrass loss throughout Gladstone Harbour and surrounding areas
(McCormack etal. 2013). Prior (2014) showed that animalsat Pelican Banks were feeding primarily
on seagrass, so this decline in food resources may have caused animals to move to areasthat were
not as impacted by the flooding. The lack of movement away from Wiggins Island may be related to
the fact that animalsin this area were feeding primarily on red algae as opposed to seagrass (Prior,
2014).

Data from satellite tags show that for at least three of the adult females that left the array following
tagging in May 2013, these animals moved more than 100 km away from Gladstone Harbour and
established new foraging areaseither until the tag stopped transmitting or in the case of two animals
for period of 1-2 months before moving south and establishing another restricted home range. Such
long range movements away from a foraging area by animalsthat are not partakingin courtship or
breeding activitiesare uncommon (Balazs 1980; Limpuset al. 1994; C Limpus pers. comm. March
2015). While it is common for animals to move tens of kilometres between foraging areas (Whiting
and Miller 1998) and even betweenreefs (Gredzens et al 2014), the scale of movement
demonstrated by three of the satellite taggedturtlesat Pelican Banksis unprecedented for green
turtles on the east coast of Queensland. Recapture datafrom Queensland turtle tagging program
(tens of thousands of individuals) as well satellite tracks from more than 60 green turtlestagged
along the Queensland coast, have only demonstrated one similar case of large scale movement
where aresident adult female turtle, tagged in Moreton Bay, moved to Mon Repos (~320 km by
water) and then between Mon Repos and Platypus Bay (~70 km by water) (C Limpus pers. comm.).
Gredzens et al (2014) reported the movement of a “transient” adult female turtle in Torres Strait,
however, this individual moved ata much smaller linear scale (approximately 40 km between reefs)
than the turtlesin the current study.

The movement of immature and subadult turtles between distant foraging areasis consistent with
the “developmental migration” hypothesis (Carr 1980) that turtles utilise a series of foraging areas
throughout their life. However, shifts in foraging area among immature and sub-adult turtles along
the Queensland coast are also very uncommon with only four such movementsreportedin the
literature from tens of thousands of animals tagged along the Queensland coast (Limpuset al. 1994,
Limpus et al. 2005).
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44 Longterm monitoring of turtle habitat usein Gladstone Harbour.

The size and shape of home range estimates were very similar for turtles tagged with both satellite
and acoustic tagsthat remained in the arrayand were detected by both telemetry methods.
Estimates of home range from satellite and acoustic telemetry were also within the range of
Australian studies (Whiting and Miller 1998; Gredzens et al. 2014). For animals that departedthe
foraging areas during the life span of the satellite tag (60% at Pelican Banks and none at Wiggins
Island), the data from satellite tags provided the only information on habitat use and the scale of
movement following departure. However for the remaining animals, data from acoustic tags
provided significantly more daily detections as well as a much longer detection span. The longest
time a satellite tag provided data for was 13 months whereasacoustic tags provided data for more
than 17 months (the entire monitoring period).

The ability to obtain hundreds of detections per day enabled determination of high and low tide KUDs
over long periods of time. Onaverage, lessthan 10 satellite detections were recorded per day
reducing the ability for fine scale analyses of habitat use over short and long time periods. Overall, the
difference in home range estimates from satellite and acoustic tags were similar (at least for animals
that remained within the arrays of receivers) with the main benefit of acoustic tags being their
reduced cost and longer retention times. Being able to apply more tags, for a longer time periodand
on a greater proportion of the population, is the main advantage of acoustic tagsas it enables long
term data not only on movement but also population level residency. The benefits of these attributes
can beillustrated with reference to the anomalously high rate of long distance movement observed in
animals taggedat Gladstone in 2013, after major flooding. Unbiased estimates of movement
parameters could have been obtained from animals tagged before the flooding and followed through
subsequent years, allowing a clearer interpretation of cause and effect.

The detection span and proportion of animals remaining within the array provide data on the
proportion of animals moving away from foraging areas. This information has also identified
differences in the home range persistence in juveniles feeding on algae in the western part of Port
Curtis and adults feeding on seagrassaround Pelican Banks. Animals at Wiggins Island were 2—4
times more likely to remain within the Wiggins Island array than animals at Pelican Banks with the
data also demonstrating that females were 2—4 times more likely toremain in an area than males.
These subtle differences have important implications for the conservation of greenturtles and can
help identify which areasare more or less influenced by changesin food resources either due to
naturalor anthropogenic causes.

Of those foraging areas where data are available for the southern GBR stock, Moreton Bay has the
highest female breeding rate (Limpus et al. 2013) and also the highest growthrates (Chaloupka et al.
2004), while western Shoalwater Bay which has the lowest female breeding rate also was recorded
with the lowest growth rates. These dataareindicative of a significant role of habitat condition,
possibly forage abundance or quality in growth rate and annual breeding rate. Dataonthe size and
stability of home range from foraging areas would help determine whether animals forage over
greater distances or undertake more frequent shiftsin home range. Similarly, long term acoustic
telemetry (10 year tag life) will shed light onthe bimodal size frequency distribution observed in
some populations (e.g. Limpus et al. 2005; Hamabata et al. 2014), a pattern which suggests that large
juveniles (50-70 cm CCL) occupy a different habitat to small juveniles and adults. Indeed it has been
suggested that that the greenturtle foraging aggregationsalong the coasts of the western Japanese
main islands are not maintained by long-term residents, but by periodic and continually dynamic
populations resulting from ontogenetic habitat shifts (Hamabata et al. 2014).
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The trade-off between cost and benefit of satellite and acoustic telemetry for dugongs has been
determined by Zeh et al (2014). Given that acoustic tagsare less than a tenth of the cost of satellite
tags and acoustic receivers are a fifth of the cost of satellite tags, satellite telemetry costs are largely
related to equipment or capital-type expenses while acoustic telemetry costs are dominated by the
installation and maintenance of the array. Ininstances where arrays have already been installed and
researchis active and ongoing (such as Gladstone Harbour) research that aims to determine long
term movement and habitat use would therefore benefit more from tagging many animals with
acoustic tags as opposed to a few animals with satellite tags. Similar conclusions were reached by
Zeh et al (2014) who stated that acoustic transmitters should become the preferred methods of
tracking dugong habitat use in the vicinity of ports because they enable more animals to be tracked
for longer and with fewer animal welfare problemsthanthose caused by GPS transmitters. The
longevity of acoustic tag attachment ongreenturtles (and all other species) would be significantly
enhanced with internal attachment either within the peritoneal cavity as in done in fish and sharks or
alternatively, under the skin.

4.5 Summary

Juvenile (n = 21), sub-adult (n = 7) and adult (n = 21) greenturtles were tagged with acoustic tags
within two arrays of acoustic receivers in Gladstone Harbour. At Pelican Banks, 33 animals (5
juveniles, 7 sub-adults and 21 adults) were tagged while at Wiggins Island 16 juveniles were tagged.
Between May 2013 and September 2014, over 1.4 million detections of tagged turtles were recorded
by 44 acoustic receivers within Gladstone Harbour.

Individual turtleswere detected up to 240 000 times with the median number of detections greater
than 17 000. Turtles taggedin May and November 2013 were monitored until September 2014 when
receivers were last downloaded. Maximum potential detection spanfor animals taggedin May and
November 2013 was 502 and 313 days, respectively. The average detection span for all turtles was
273 (+ 19) days with turtles at Wiggins Island having a greater detection span (337 £+ 34 days) than
turtles at Pelican Bank (242 + 31 days). The average number of days turtleswere detected was218 (+
20) with turtles at Wiggins Island being detected on more days (295 + 34 days) thanturtles at Pelican
Bank (181 + 25 days).

Home range estimates (50 and 95% KUD (Kernel utilisation distribution)) were calculated for those
individuals that were detected for more than 30 days on two or more receivers (n = 42). Green
turtles at Gladstone had small home ranges which persisted for months. The average 50and 95%
KUD ofanimals at Pelican Banks was 1.4+ 0.2 km2 and 6.7 + 0.9 km2, respectively which was
significantly greater thananimals at Wigginsisland (0.7 £ 0.1 km2 and 3.8 £ 0.4 km2, t-test, p<0.01),
however, like many animals for which long term data are now becoming available, a large proportion
move away from previously established home range and set up a home range tens to hundreds of
kilometres away. In Gladstone, after 1 year of monitoring nearly 20% of turtles at Wiggins Island and
53% of turtles at Pelican Banks had moved outside the array of receivers within Gladstone Harbour.

Satellite tagging showed that animals at Pelican Banks moved up to 150 km north and 230 km south
of where they were tagged. None of the satellite tagged animals at Wiggins Island moved away from
where they were tagged and the proportion that moved outside of the array was much less,
suggesting that juveniles are more likely to establish smaller home rangesfor longer periods.

However, food sources presumably play a role in home range size and site fidelity with animals at
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Wiggins Island feeding predominantly on epiphytic red algae growing on intertidal mangroves.
Animals at Pelican Banks were feeding predominantly on seagrasswith the home range of most
animals overlapping areasof highest seagrassdensity.

At both Wiggins Island and Pelican Banks there was a high degree of overlap of habitat used by
individuals with a strong signal of tide related movements. Animals at both areas moved into shallow
water with high seagrasscover at high tide and retreated tosubtidal flats and the edges of the
channel at low tide. At Wiggins Island, the majority of animals moved up into the mangroves at high
tide, frequently utilising a mangrove drain.

For animals at Wiggins Island where commercial shipping traffic was greatest, there wasverylittle
overlap between home range and areas of highest shipping traffic. At WigginsIsland, lessthan 1% of
all acoustic tag detections occurred on the northern side of the shipping channel between Wiggins
Island and Curtis Island. Furthermore, there were also no detections of satellite tagged turtlesinthe
channel or onthe northern side of it. Shipping traffic was primarily confined to the shipping channel
and water depthsgreater than 10 m, whereasturtles were veryrarely detected on receiversin the
channel and depth data from four animals with satellite tags showed that turtles spent the majority
of time lessthan 3 m below the surface with very occasional divesto7 m.

At Pelican Banks where commercial shipping traffic was low, there was a greater degree of overlap
between home range and channel habitat, however the majority of turtles spent very little timein
the channel and this was primarily restricted to low tide. Given that most commercial vessels using
the Pelican Banks channel travel at less than 10 knots, the risk of boat strike is lower than that from
recreational vessels which frequently travel through this area at high speed.

At both Wiggins Island and Pelican Banks, recreational and commercial fishersregularly travel across
the intertidal and subtidal flats, however there are no estimates of overall vessel density to enable us
to evaluate the risk of boat strike. Despite the fact that so few of the turtlesat Wiggins Island were
recorded in the channel or across it, we only monitored the movement of a small proportion of the
turtle population in Gladstone due to difficulties in capturing animals along the western shore of
Curtis Island. Data onthe movement patternsand habitat use of animals from the area directly
impacted by heavy traffic are therefore required.

Home range estimates from satellite and acoustic tags were very similar for animals that remained
within the receiver array, with acoustic tags providing significantly more fine scale data on habitat
use than satellite tags. It was clear from both data sets that satellite detections underestimated
home range due to fewer detections. However, for some animals that moved far up the mangrove
drain at Wiggins Island, where there was no receiver, receiver datafailed to show the full extent of
movement. Inthe majority of instances, home range estimates from acoustic data provide better
resolution of spatial distribution within the home range. Furthermore, data from acoustic tags
enabled tidal patternsin movement to be evaluated due to several hundred detections from
individuals each day, as opposed to satellite tags where only 1-15 detections per day were obtained.
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1 Introduction

Boat strike has been listed as one of the major sources of humaninduced mortality on marine turtles
(“Key Threatening Process Nomination Form - Fatal injury to marine mammals, reptiles, and other
large marine speciesthrough boat strike on the Australian coast - nomination-boat-strike-2012.pdf”
n.d., Preen 2000) and other marine mega fauna (Maitland et al. 2006, Williamsand O'Hara 2010,
Connand Silber 2013, Redfernet al. 2013). Several studies have attempted to use models to predict
the distribution of marine animals for the purpose of assessing risks posed by boat strike (Maitland et
al. 2006, Bauduin et al. 2013, Conn and Silber 2013). In many cases, telemetry data is the only
available information onthe distribution of animals in a region. Despite common problems of
relatively low sample sizes, non-uniform distribution of tagging and capture effort and often short
termdata, several studies have employed telemetry data to produce resource selection functions
from which distributions can be inferred (e.g. Godley et al. 2002, Olivier and Wotherspoon 2005,
Raymond et al. 2014). Determining optimal methods for constructing resource selection functions
(“habitat use”)is a subject of ongoing research and debate in ecology (Boyce 2006, Meyer and
Thuiller 2006).

Our goal in this studyis to analyse the acoustic telemetry data collected in two receiver arraysin Port
Curtis in order to build predictive habitat preference models for turtlesin Port Curtis. A subset of
animals was also tagged with satellite tags. We characterise the habitat of turtles using several
environmental covariatesand construct statistical models which predict the relative preference of
turtles for these habitats. We then examine how these are distributed throughout various regions
within Port Curtis. If the model predictions are reliable, this exercise may be usefulin determining
likely areas of relatively high turtle usage. This relies on being able to predict turtle habitat outside of
those areaswhich were not directly sampled (either with the satellite telemetry data or the acoustic
receiver networks).

We also consider available data on movements of commercial vessels within the harbour.
Determining regions of relatively high risk toturtles provides useful background information for
implementing various management measures such as ‘go-slow’ zones, which are commonly
considered in order to reduce the risk of ship-strike mortality on turtles. Our underlying assumption
is that areas with high numbers of boats, travelling at higher speeds should be more risky for any
turtles that use these areas (Hazel et al. 2007). We therefore want to characterise regions which are
associated with two factors: (1) high usage (i.e. areas containing a large number of vessel positions),
and (2) high speeds. Finally, we consider the habitat predictions along with the analysis of shipping
data and examine whether the analysis presented here is likely to be informative regarding vessel
strike risk.

The overarching assumption in this study is that the number of detections at a receiver is relatedto
the turtles’ preference for the set of habitat conditions associated with that receiver. While the
reception characteristics of the receivers vary, this assumption is probably reasonable, given
sufficient data. The acoustic receivers recorded a large number of individual detections (Chapter IV).
Dealing with this large number of individual detections becomes unwieldy in a statistical model,
especially if we consider time-varying predictors of turtle habitat. Undoubtedly, complex spatio-
temporal processes and interactions between the dynamics of turtle populations, environment and
exogenous variables will influence the spatial dynamics and apparent habitat preference of individual
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turtles (Chapter IV). However, considerable simplification is required for tractable spatial prediction
of habitatsfrom the data collectedin this study. Below we detail how raw-detection data was
summarized for modelling and the extraction of spatial covariatesto be usedas predictors.

Moreover, for logistical reasons the coverage of receivers was not evenly spread, either spatially or
with respect tohabitat. Thus, the habitat conditions observed by the array do not stratify or even
bound the range of conditions which might be expected in the harbour. Inthis sense we have a
problem of extrapolating beyond the range of the data, and the observations are such that we have
only N=47 (the number of receivers) independent observations of habitat. Some variables which are
likely to be important drivers of green turtle habitat usage, such as seagrass distribution were known
relatively patchily or from only certainareas (Chapter I1; Davies et al. 2012). However, a key goal of
this exercise is to attempt to predict distribution of turtles throughout the harbour. Chiefly this is in
order to make an initial assessment of the overlap of likely turtle habitat and available data on
shipping intensity. Therefore, we restricted the modelsto physical proxies of habitat (bathymetry,
slope, site, etc.) which were available in all locations. Further studies should endeavour to include
factors of more direct biological relevance. Partly asa response to this uncertainty and lack of
uniform data coverage and in an attempt to examine potential variability due to the differencesin
habitat betweenthe Wiggins Island and Pelican Banks arrays, we also investigated separate models
for the Pelican Banks and Wiggins Island areas. As the models were fitted to spatial variables which
are measured throughout the harbour, spatial prediction of favourable habitat throughout is
technically possible, but with caveats.

In the following we first describe the predictor variables used for model building. We then describe
how the acoustic detection data were treated for input into statistical models. Next, the models
themselves are described. This focuses on models for predicting distribution within arrays, which
examine individual variability between turtles, and constrained models which are used to make
extrapolations of habitat over wider regions. We describe the available Australian Marine Safety
Agency (AMSA) vessel tracking data for the region and examine trends in shipping intensity and
distributions of vessel speed. Finally, we comment on how the current modelling might be expanded,
both with further data collection and improved models.
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2 Methods

2.1 Covariate extraction

We extracted the following variables as descriptors of habitat for each receiver location, and
examined pairwise scatter plotsand correlation coefficients to assess co-linearity between
covariates. Covariates were estimated based on data extracted from the Gladstone seagrass growth
model (Chapter I11), and from data provided by MSQ.

2.11 DISTANCE TO HIGH WATER MARK.

The distance (km) from the receiver location to the high water mark was calculated by taking the
minimum straight line distance from each grid point in the harbour to the nearest coastline point
(Figure 128).

Distance to mean high water (km)

-23.75

Latitude (deg. S)
-23.80

-2385

151.15 151.20 151.25 151.30 151.35
Longitude (deg. E)

Figure 128 Distance tohigh water. Positions of receivers are given in the red crosses.

212 THE DEPTH AT LOW-WATER OF THE RECEIVER (M)

Receiver depth at low tide was obtained by rasterizing collections of point soundings collected by
Marine Safety Queensland (https://www.operations.amsa.gov.au/Spatial/) to obtain a continuous
estimate of bathymetry for the Port (Figure 129). Depth may be a useful descriptor of habitat as it (a)
determines whether an areais accessible toturtles (i.e. if an area remainsinundated at lower water,
it is accessible at all times) and (b) may also usefully correlate with particular habitat typesand
forage availability.
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Figure 129 Bathymetry data for Port Curtis used in habitat models
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Figure 130 Gradient (radians) of the bathymetry plottedin Figure 129.
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2.13 GRADIENT OF THE BATHYMETRY.

The gradient of the bathymetry was calculated from the surface shown in two dimensional numerical
differencing (Figure 130). The variable wasincluded to consider whether turtles prefer a flatter or
more graded substrate within a given depth range.

2.14 TIME SINCE LOWWATER.

Times of high and low water were obtained from the tide predictions for Gladstone Harbour (Bureau
of Meteorology). These data indicated that the time difference between successive high and low
water marks in Port Curtis was on average 0.52 d; min=0.47, max=0.576. We made the simplifying
assumption that tidal signals could be represented as the fraction of the day elapsed after the most
recent low water period. While this assumption does not account for shifts in the tidal cycle, we
expect that the covariate as calculated nevertheless adequately capturesthe effect of tide on turtle
habitat preference.

2.2 Summarizing detections and response data for preference
models

2.2.1 PINGRATE CORRECTION

Because the ping rates of the acoustic tagsvaried between individuals, the data needed to be scaled
so that all turtle detection data were alike. The scaling was relative to the most frequent ping rates.
The Vemco tagsemploya randomization scheme in order to reduce the likelihood of collisions
between multiple tagsin the same vicinity. Under this scheme, the tags have a minimum time
interval (T, S) between pings and randomly emit an acoustic signal between 0 — t,,,, seconds. If
we denote the time of the ping astyg (i.€. Trin < Tping < Trmax) and assume thatt

ping "~
Unif( T, Tmax) then the expected value ping rate is E(t,, ) = I*min \\e assumed that this
2

ping
expectedvalue could be used to scale the observed number of detections at each station. This was
necessary as a key assumption of the habitat preference model is that the turtle’s preference for a

given set of covariatesis proportional to the number of detections recorded by a receiver. If Nj;;is
the number of detections of the i.i turtle at the j.«» receiver over time interval t, then in the
modelling described below we calculate an adjusted number of detections:

" IIE:(Tmin)
Nije = Nije + Qe xpr— @
pingi

222 COMPILATION AND SUMMARIZING MODELDATA

The tag data comprised 773,128 individual detections. In the model detailed below there is a need to
compute for all individuals whether they were detected or not at any of the possible receivers, for all
possible time periods under consideration. Data summaries to be used as input into spatial habitat
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models were compiled as follows. All calculations were carried out in relational databases, hence the
use of terms such as ‘table’ torefer to data sets.

1 - Firstan ‘emptyset’ was created asa table with all possible combinations of receiver, tag and date
and time in 1 hour interval. Given the number of 1 hour time intervals over the range of the tagging
experiment, and the number of tags and receiversthiscreated a table of 28 million rows.

2 - A secondtable was created whereby the detectionswere groupedinto 1 hour bins by tag and
receiver, and a detection count was calculated.

3 - These two tables were joined using an outer join so that all the records were kept from our
‘empty set’ with zerodetections, and the detection count with the matchesfrom the secondtable
was updated.

4 - A further update was required to find the time since the last low tide for each one hour time
period. So, the time elapsed since the previous low tide was calculated for the midpoint of each
period of a given day of the year.

5 As a necessary simplification step which avoided the need to model millions of individual records,
the absolute time intervals were discarded and the number of detections for each hour in the day
calculated, as a truncated value of time-since-low-tide. These were truncatedintointervals of
[0-0.09], [0.1-0.19].... [0.9-1]. This created a data set of around 3 X 10% rowswhich was used as the

final input to the models. Since the other covariates (listed above) are not time varying, these could
be extractedfor eachrow in this final detection +time-since-low-tide table.

2.3 Habitat preference modelling

For the purposes of extrapolating across the broader Gladstone Harbour region, an ‘explanatory’
approach was used to model acoustic detections/habitat preference (Mac Nally 2000, Shmueli 2010)
. In this approach to statistical modelling, care istaken to select covariatesthat are likely to
meaningfully influence the underlying process of interest. In such instances, it is also best to ensure
that the shapes of modelled relationships are biologically or ecologically reasonable (for example,
distributions of species are not likely to be multimodal with relationto a given environmental
covariate). Thisis to be contrasted with the situation when a model is developed for prediction, and
all available (reasonable) covariates are considered for their predictive power and the model is

largely unconstrainedto fit the data as closelyas possible.

Models of turtle habitat preference were implemented using Generalized Additive Models (GAMs)
and Generalized Additive Mixed-Models (GAMMs, see Wood 2006). These are linear-in-the-predictor
models which employ non-parametric smooth functions to model non-linear relationships between
observationsand covariates. In this study our response variables are the number of observationsin a
1 hour time bin over a 24 hour cycle.

All models considered here take the general form

logIE(l\Jj’{ )~ (x1,X9,.) + H(x3,.. )+ +€
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where f;(\),f,(.), ... are smoothing functions of predictor variables x4,X,,... and € is a residual error
term. Commonly count data like this are modelled using a Poisson distribution (Wood 2006). But in
this case our response variable N;.‘ytcontaining many zeros and the ]E(N*].) * W(N*j)t, asis assumed
by a Poisson error distribution. Accordingly, we assumed that errors could be modelled with a
Tweedie distribution which generalized across the spectrum between Poisson distributions and
Gamma distribution and has been used successfullyin a variety of settings (e.g. Candy 2004, Woehler
et al. 2014).

The predictor variables listed above are abbreviated as follows:

. land. dis- distance of a point to the nearest mean-high-water point
e  Dbat - depth of the water (m)

o slop - gradient of bathymetric data (radians)

o timel - time-since-low-water (fraction of a 24 hour period).

Modelling proceeded by first considering a model which sought to capture the broader habitat
preference over the entire harbour - i.e. in regions well outside sites of data collection. To do this we
used semi-constrained additive models (SCAMs) (SCAMs, Pya and Wood 2014). These are a recent
addition to the suite of additive models that allow constraints onthe shape of smooth termsin a
model to be employed. The constraints take the form of enforcing that smooths are convex or
monotonically increasing or decreasing. The reason why constraints are usefulin this context is that
from previous analysis, expert opinion and other data sources (e.g. satellite tracking positions)
indicate particular relationships with habitat variables. Additionally, we expect that unconstrained
models are likely to overfit to some degree. In other words they are likely to be overly complexin
order to model the variability within the data in the array. For the task of making extrapolatory
predictionsin areasoutside the regions where data are collected, a simpler model s likely to behave
better.

For the harbour wide model to be used for extrapolation into unobserved regions, we aggregatedthe
counts of detections by summing over receivers. The response variable was therefore N"]f,tz ZiN*i].t
In the notation used to specify GAMS in theR library mgcv (Wood 2006) the constrained model used
for harbour wide prediction was

logE(N;,) ~ f;(timelo, k = 5) + f,(land. dist) + fs(bath)

with the errors specified as Tweedie(p = 1.8).Inthis case we considered several constraints:

e thattimelo wasasmoothfunction, but witha small number of knots k (set to k=5)

o that habitat preferenceis relatedto bathin a convex relationship (a single maxima, or peak, is
allowed in f;(.))

e thathabitat preferenceis relatedto bath in a convex relationship (a single maxima, or peak, is
allowed in f,()).

In generalterms, the point of the constrained models is that for the purpose of extrapolating with
which to capture the broad scale features of the data without being driven by signals specific to any
given location or the behaviour of particularindividual turtles.
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23.1 INVESTIGATING SITE DIFFERENCES AND INDIVIDUAL LEVEL VARIABILITY.

In order to examine the potentially different turtle habitat usage at Pelican Banks and Wiggins Island,
we considered two further Generalized additive Mixed Models (GAMMs). In these we used bivariate
tensor-spline smooths between TIMELO and land.dist inorder toinclude any potential
interaction between these two variables, and a single smooth termfor bath,

logE(N;,) ~ f; (TIMELO land.dist) +f,(bath) + b,

where the turtle-wise random effect b; ~ N(0, 62) and with the residual error distribution specified
as Tweedie(p = 2) (with generalises to a Gamma distribution). Here f; and f, were non-parametric
tensor-splines smooths. In these modelsa large number of knots (k = 20) was used so as to allow a
high degree of flexibility in fitting the observations. Of interest in these models are the individual
turtle-level random effects, b;, whose size gives some notion of the degree of variability between
turtles.

2.4 Vessel movement data

The Australian Marine Safety Authority (AMSA) collects vessel presence and movement datafrom a
variety of sources, including terrestrial and satellite shipborne Automatic Identification System (AlS)
systems. This vessel traffic datais stored in a database called the Craft Tracking System
(https://www.operations.amsa.gov.au/Spatial/). Asummarized version of this datais available to
download from the AMSA data portal (https://www.operations.amsa.gov.au/Spatial/).

The vessel traffic data is collected by AMSA at a 5-60 second frequency, but the data available from
the data portal hasbeen down-sampled tothe closest hour (or slightly more), i.e., the raw dataare
not averaged over that hour, but just include whicheverdata points are closest, and/or greater than,
than one hour apart. Future work should explore the possibility of gaining access to the entire
relevant AMSA dataset (which isa number of terabytes), however this was not feasible at this time.

The vessel traffic data are downloaded as unprojected point shapefiles. Each location of a vessel is
tagged witha time stamp (in UTC), and an indication of vessel speed and dimensions (and other
associated data). For the publicly accessible data, all vessel identification has been removed, but an
anonymous unique identifier has been supplied for each vessel. We found numerousinstancesin
both vessel dimension and speed data, particularly which were likely to be erroneous asvessels were
listed as travelling at implausibly fast speeds. These have not been further analysed here, but were
removed from the core shipping dataset. Again, in future, it would be worthwhile to check for errors
in vessel dimension to allow for a vessel size-based analysis of ship-strike risk; it is assumed that
errors in vessel speed could be dealt with by looking at the higher frequency data.

Australia-wide vessel traffic data wasobtained fromthe AMSA website for the period September
2012 to August 2014 (data comes in monthly bundles); this data was clipped to the local Port Curtis
region. After this, basic quality control was carried out on the vessel tracking data. This entailed
removal of data where vessel length was zero or greater than 300 m, where vessel speed was greater
than 40 knots, and where speed wasgreaterthan 16 knots for vessels greater than40 m in length.
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We examined the distribution of vessel sizes and the number of positions in the data as a function of
vesselsize. The aim of characterizing these distributions wasto examine whether particular vessel
sizes are represented relatively highly in the AUSREP data. This is necessary to determine which
sector of the vessel traffic the data describes. It’simportant to note that AlS have been mandated by
the International Maritime Organization (IMO) on large vessels. This includes vessels of 300 gross
tonnage and upwards engaged oninternational voyages, cargo ships of 500 gross tonnage and
upwards not engaged on international voyages, as well as passenger ships (more than 12
passengers), irrespective of size. For vessels smaller than these capacities, AlSis voluntary.

To produce a 'vessel density' map we defined the hourly, or near-hourly, records of vessel presence
to characterize a 'vessel hour'. That is, we assume that the location at which any vessel was logged is
representative of the location of a vessel over an hour period. Summed up over space and time, this
would give an indication of the total number of vessel hoursin a particular region, which could be
viewed as a proxy for vessel density. To avoid the natural oversampling that would occur for
stationary vessels, alllocationdata for vesselstravelling at a speed of 0.1 knots or less were
removed. Obviously, vessels can move a long distance in an hour. But our assumption here is that the
one hour data, when aggregated over space andtime, is sufficient for characterizing density on
average.
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3 Results

3.1 Exploratoryanalysis of detection patterns

The mean number of detections per individual was 62.3495 (SD = 160). The number of detections per
hour was higher at the Wiggins Island site (mean = 76 compared to Pelican Banks (mean=52.87)).
The variability in detections was slightly higher at Pelicans Banks (SD = 160) versus Wiggins Island (SD
=150).

It is important to recall that these are not detection ratesfor a particular hour, but rather the
number of detections at a given combination of timelo and hour of the day summed over all days
in the data set. Box and whisker plots (Figure 131 and Figure 132) show considerable variationin
detection rates between taggedturtlesand in some case within individual data sets.
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Figure 131 Detections per hour for each acoustically tagged turtle at Pelican Banks.

By plotting the number of detections (over all individuals) associated witha combination of hour of
the day and time since low water, wegenerated a surface to look for patterns in detection rates
through the tidal cycle and over the day (Figure 133). At Pelican Banks, there wasa strong peakin
detections in the morning and early afternoon (0400-1300). This ranged over approximately 0.2-0.45
days since the last low tide. The pattern at WigginsIsland (Gladstone Harbour) showed two peaks in
detection; one wasfocused at 0400-0800 between 0.1-0.3 days since the last low water, with
another peak over the period 0000-1500 centred on 0.5 days since the previous low (this is the
period approaching the next low water - on average).
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Figure 132 Detections per hour for each acoustically tagged turtle detected at the Wiggins Island Array.
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Figure 133 Number of detections as afunction of time since low water and hour of the day for (left) Pelican
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3.1.1 CORRELATIONS BETWEEN PREDICTOR VARIABLES.

The degree of co-linearity betweenthe predictor variables was generally low. One exception was
between bath and slope which had a relatively large negative correlation (approximately - 0.6).
However, examination of the scatter plot betweenthese two variables shows that this correlation
was largely driven by one data point and was also subject to several large outliers. Accordingly, we
found that there was minimal concern that the selected covariates would present significant
problems stemming from co-linearity.
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Figure 134 Pairwise scatter plot of covariates for examination of problematic co-linearity. Fromthese plots it
can be seen there are no major indications of co-linearity.

3.2 Habitat model results

3.2.1 RELATIONSHIPS WITH COVARIATES OF SELECTED EXTRAPOLATION MODEL

The constrained extrapolation model (i.e., that produced using data summarised over both Pelican
Banks and Wiggins Island) predicted that higher rates of detection would occur between0-5 hours
after a low tide (Figure 135 - left). A dip in detections was predicted 7.2 hours after the low (roughly
in line with the next high tide) followed by another increase on the subsequent low (roughly at 12
hours from the previous low). Additionally, the number of detections tailed off considerably at 0.6
days (14.4 hours since previous low). Despite the model only being constrained to have convex
relationships between detection rates and distance-from-land and bathymetry, for both these
variables the model suggested diminishing presence of turtles with increasing values of each
covariate (Figure 135). The rate of decrease in detections with distance-from-land was only slight,
but was considerably steeper with deepening water.
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Figure 135 Partial effects plots of the semi-constrained model with respect to(left) time-since low water
(centre) distance-from-land and (right) bathymetry.

322 MODEL DIAGNOSTICS

The diagnostics of the constrained extrapolation model were generally acceptable given the
constraints on the model, the highly variable data, and large number of zero detections (Figure 136).
However, the diagnostics were far from ideal; the distribution of residuals was approximately
Gaussian but with several outliers. The plot of fitted versus response values showed unexplained
patterning in the residuals. Thisindicates that the modelfit is not as good as would be hoped - again
not a surprising a result given the nature of the data. By this, we mean that giventhe highly (left)
skewed nature of the numbers of detections (within each individual turtle x receiver x various
environmental covariate cells), thateven a Gamma distribution could not fully account for this
variation. The residuals, however, indicate that for the most part, the Gamma distribution
assumption did handle the skewness; this is, of course, opento further improvement inthe future.
Additionally, the model explained only a low proportion of the variation in the observations
(deviance explained =21%). Some of this may be due to the constraints on the functional shape of
the smooth terms.
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Figure 136 Diagnosticplotsfor the fitted SCAMmodelused to extrapolate throughout the Port Curtisregion.

3.23 SITE-SPECIFIC MODELS: FITTED RELATIONSHIPS WITH COVARIATES

The GAMM s fitted to data by site indicated differing responses between the Wiggins Island (GH) and
Pelican Banks (PB) arrays. For the WI array, a high number of hits was predicted for regions close to
the high-water mark, declining to near zero at roughly 1 km from land (Figure 137). A relationship
with timelosimilar to the constrained ‘extrapolatory’ model mentioned above, wasindicated. The
number of hits decreased markedly after values >0.5 d since the previous low.

The bivariate smooth terms in the GAMMs, which included slope and bath, showed a complex
relationship with bathymetry/water depth, but simpler responses with gradient (Figure 138).
Generally, the effect of the slope variable was minimal. The smooth on Timelo showed a peak
between 2-6 m at Wl while at PB there were several peaks. Note that the water depth was
considerably shallower for the PB data. It is difficult tointerpret these plots in biological or ecological
terms, and it is likely that they reflect the depths at which receivers happenedto be placed more
than any underlying behaviour by the turtles.
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GH PB

Figure 137 Fitted relationships between distance-to-land (land.dist), time since previous low water
(“Timelo”) and number of detections (N[hits]) from the GAMMmodels for (left) Wiggins Island (GH) and
(right) Pelican Banks (PB) data.

GH PB

Figure 138 Fitted relationships between gradient (slope), depth (“bath”) and number of detections (N [hits])
from the GAMM modelsfor (left) Wiggins Island (GH) and (right) Pelican Banks (PB) data.
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3.24 RANDOM EFFECTS

The random effects on individual turtles indicated, in general, that the variability between turtles, as
characterized by the random intercept terms, was relatively small compared to main effects. Put into
non-statistical terms, this indicates that the inclusion of random intercept terms did not drastically
change the model predictions of the expected number of detections with respect to covariates. At
the upper end of the fitted random effects, we'd expect only +/- 2 acoustic pings (our index of
habitat preference) from an individual whose intercept was out in the tails of the distribution.
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Figure 139 GAMMEstimates of random intercept terms for each individual turtle for (top) Pelican Banks (PB)
dataand (bottom) Wiggins Island (WI)data.

3.25 SPATIAL PREDICTION

By applying the three models to covariate data within an arrayregion, and across the harbour (i.e. in
places where no receivers were located), we compiled spatial predictions of likely turtle habitat.
GAMM predictions from Pelican Banks indicated that turtles preferred areasaway from the Eastern
shore of Pelican Banks, with less preferred habitat in the middle of the bay being surrounded by
areas of more preferred habitat (Figure 140).
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Figure 140 GAMMspatial predictions of expected number of hits / preferencesat Pelican Banks with respect
to time-since-previous low water.

Around high tide (0.3 d since previous low water), the models predicted some increased preference

in localized hotspots at the same locations. At approximately the next low (0.5 d since previous low
water) the predicted number of hits had dropped appreciably.

Predictions for the GAMM fitted to Wiggins Island (Figure 141) were that shallower water was
preferred on the low tide (0.1 and 0.3 d since previous low water). Preference for inshore areas
decreased on the higher tide (0.3 d since previous low). At Wiggins, tidal movement variations across
the tagged population were less clear thanthose at Pelican Banks due mainly to individual variation
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and the data being biased by a few individuals with large numbers of detections. Overall number of
detections 1 hour from low tide was ~154,000vs 77,000 at 1 h from high tide. This is likely to be due
to increased chance of detecting tagged animalsaround low tide given that there was one receiver
close to the mangroves. When detections at the two receivers in the Mangrove drain there was a
steady increase in the number of detections as the tide rises indicating animals were moving into the
mangroves where they could not be detected (Chapter V).
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Figure 141 GAMM spatial predictions of expected number of hits / preferences at Wiggins Island with respect
to time-since-previouslow water.

3.26 EXTRAPOLATION/PREDICTION OF MODELS TO THE ENTIRE HARBOUR

The constrained extrapolation model (the SCAM model), predicted that shallow water habitats
throughout the Gladstone region would be favoured by turtles (Figure 142). Similar to the GAMM
fitted to Wiggins Island, the predictions with respect to the progression of tides was implausible as
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the model predicted that the highest preference for inshore would occur on or soon after low water.
While the modelindicated that it fit the data reasonably well (from the diagnostic plots above in

Figure 136), this prediction s clearly unlikely. Given the satellite data and the results presented in
Chapter IV the turtles do appear to spend the majority of time in shallow coastal water. Sothere is an
indication from the individual level analysis of acoustic data and the independent satellite data, that
the overall spatial predictions of the model are tenable, but that it is not capturing the dynamics of
turtles with respect to the progression of the tidal cycle. The general summary of the model
predictionis therefore that areas of deep water, relatively far fromthe high water mark, are
generally not preferred. Despite the inclusion of only moderate constraints on the model, the
relationship with bathymetry was one of the stronger relationshipsto come out of these models.
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Figure 142 Spatial predictions fromthe SCAM model used to extrapolate to alarger region of the harbour.
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3.3 Shippinganalysis results

33.1 TRENDS IN SHIPPING TRAFFIC

The vessel data indicates that shipping intensity decreased markedly in Port Curtis between 2012 and
2014 (Figure 143). The maximum number of vessel positions (i.e. vessel-hours) wasin October 2012
with 19,165 positions. The largest drop (of 58%) occurred between January and February of 2013.

From this point on, the intensity of shipping traffic continued to decline but at a slower rate. The data
for the last 3 months (June - August 2014), had an average number of 4,710.67 vessels.
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Figure 143 Trends in total vessel trafficin the local Port Curtis area, as represented by the AMSA AUSREP
data for September2012 - August2014.

3.3.2 VESSEL SPEED AND SIZE DISTRIBUTION:

Whenrestricted to the Port Curtis region, the AMSA shipping data held information from 1941
unique vessels. For these vessels there were 596,009 position fixes after the quality control measures
had been applied. It was apparent that even though the majority of vessels in the AUSREP data were
large, the majority of vessels which constituted the location data within the harbour were smaller
craft; 61.76% of locations came from vessels which were less than 50 m length.

The majority of the vessel speeds in the shipping data were also relatively slow; speeds under 5 knots
made up 63.41% of the positions or vessel-hours.
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Figure 144 Vessel size and speed distributions in Gladstone Harbour. (Top) Empirical cumulative distribution
functions for unique vessel lengths (black) and the representation of vessels by size in the AUSREP data
(blue). (Bottom)Frequency distribution of vessel speeds.

The average speed of vessels was 4.4+ 5.76 SD knots, indicating a large degree of variability in vessel
speeds, overall. But given the highly skewed nature of the distribution of speeds, the median
(median = 1.6 knots) is probably not a good measure of the general distribution of vessel speeds as it
may represent vessels swinging at anchor yet moving at speeds greater thanthe 0.1 knot cut -off
point.

3.3.3 DISTRIBUTION OF SHIPPING INTENSITY

From maps of the distribution of vessels at various speeds it was apparent that the majority of the
data from AMSA pertains to large vessels using the major shipping channels throughthe centre of the
harbour (Figure 145). The entrance into the Calliope River around Wiggins Island, and the channel to
openwater between Facing Island and Curtis Island were also used, but to a lesser degree. The most
dense areas of shipping traffic were along the major shipping channelrunning from
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the central port areasto the south-western tip of Curtis Island (site of several LNG developments)
with a high concentration of positions indicating speeds >20 knots.
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Figure 145 AUSREP shipping positions for Port Curtis labelled by speed thresholds.

By averaging spatially across all years of data we see that, generally, mean speeds are less than15
knots. Particular outlier speeds do increase the average, but this is likely to be rare. Additionally,
plotting the standard deviation of speeds shows that thereis a high degree of variability in the areas
which tend to contain the largest density of fast vessel traffic.
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Figure 146 Mean (top) and standard deviation (bottom) of vessel speeds throughout the harbour.

334 OVERLAP OF HABITAT MODELS AND ZONES OF HIGH SPEED/DENSITY.

Plots of the relationships between predicted number of detections in each of the cells containing
vessel traffic showed very little correlation between predicted number of detections, habitat
preference and either average vessel speed or the intensity of shipping usage (Figure 147). Note that
these predictions of habitat models plotted are on a log scale to visually accentuate the contrastin
the predictions. The estimated smooth relationships between shipping speed and intensity indicated
were influenced by a few points of high speed/intensity which coincided with predictions of high
preference. Considering just the relationship between preference and intensity, without these few
points there would likely be a reasonably clear negative relationship—i.e. turtles are predicted to
prefer areas which as associated with less shipping traffic, at least for shipping of the types covered
by the AUSREP data. Outlier points with high vessel speed and occurrence as well as high turtle
habitat preference may be areaswith unusually high risk for turtles. At least one such area appears
to be the banks to the northeast of the Auckland channel which are shallow enoughto represent
potential habitat while being close to the main shipping channel. Thisarea has never been recorded
as supporting a seagrass bed (Bryant et al. 20140 and is in fact unlikely to constitute significant turtle
habitat.
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Figure 147 Log predictions from the preference models as a function of average speed(toprow) and shipping
intensity (average number of positions — bottom row). The lines are non-parametric Loess smoothers, which
were used to detect anylikely correlations. Each columnis for the values of time-since-low water used
throughout.

The same information can be view spatially by overlaying the habitat predictions and summaries of
vessel traffic (Figure 148). Again, the degree of spatial overlap betweenthe shipping data and the
habitat models was generally small as areas predicted to be preferred by turtleswere aroundthe
shore, while areas of high shipping intensity were in the deeper shipping channels. The narrows area
to the north of Wiggins Island was an area of demonstrably high shipping intensity which is in close
proximity to areas of high preference — although there was little direct overlap with the model. Given
the high degree of uncertaintyin the habitat preference model, and some of their limitations, it
would be prudent to consider areas such as this in more depth in any future studies.
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Figure 148 Maps of habitat preference (coloured contours give the expected number of detections —green
lowest, purple highest). The blue shading gives average number of vessel positions per month.
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4 Discussion

4.1 Adequacy of habitat models

The Generalized Additive Models of variousforms presented in this report uniformly predicted
higher preference for shallow water habitats, though in some respects they were qualifications based
on the ability to trackturtles in all parts of the harbour. If the questionis whether turtles arein
deeper channelsin the middle of the harbour versus shallower water close inshore, thenthe
predictions appear plausible and consistent with the satellite tracking data and the previously
presented analysis of acoustic datain Part IV. Thisis important for consideration of ship strike risk as
it would suggest that the risk of ship strike is likely to be lower in deeper watersfurther from the high
water mark. Since these are the areasto where shipping is largely restricted, the potential for
interactions with turtlesis likely to be reduced.

The role of other factors was less clear. Slope of bathymetry did not appear to increase the predictive
power of the modelsand was generallyindicated to be a minor factor. This is not altogether
surprising. The mainreason for including slope as a predictor variable was to include a variable which
would allow regions at the same depth to be differentially preferred. Additionally, areassuch as
steeper banks could have been avoided or preferred by turtles and at Barrow Island newly created
(dredged) channels were shownto be used by resting turtles, increasing their risk of ship-strike

(C Limpus pers. comm. 2014). On both these counts there seems to be little indication to support
these hypotheses.

The models did predict clear signals with respect to tide, but they were at odds with previous data on
movements over the tidal cycle. This probably reflects some structural inadequacies of the GAMMS,
as well as potential artefactsand limitations in the acoustic data with regardto habitat prediction.
Turtles have been observed to move into shallow areasat high tide and retreat to deeper areasas
the tide falls (Limpus et al. 1994). There is strong evidence from previous results (Chapter V) that
turtles at Wiggins Island move towards the mangrove edge at hightide via mangrove drains,
however these tidal movements were less obvious thanthose at Pelican Banks due to the sparse
receiver coverage along the mangrove edge where turtles were foraging at high tide. It was only once
data from individual receivers within the mangrove drain were investigated that this pattern of
movement was obvious so it is not completely surprising that the modelfitted to the Wiggins Island
arraydata did not reproduce this result. The Pelican Banks GAMM, however, did predict deeper
habitatsto be favouredon a low tide.

The reason why the extrapolatory SCAM model and Wiggins Island GAMM did not reproduce plausible
results through the tidal cycle could be twofold. First, the data used to fit the models does not

capture the full spectrum of possible depth/tide combinations - at least over the space required for
prediction. Few receivers were placed very close inshore at Wiggins Island. This means that if turtles
were moving inshore on an incoming tide, the receivers in deeper water could gather fewer
detections at high tide whereas around low tide, when turtles were forced offthe flats and mangrove
forest by lack of water, the number of detections could increase. Indeed, this was the case at

Wiggins Island where the total number of detections 1 hour from low tide was ~154,000 vs 77,000 at
1 h from high tide due to the fact that there were 11 receivers regularly detecting animalsin habitat
accessible at low tide only but only 2 receivers in areasonly accessible at midto high tide. However,
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the number of detections on these two receivers steadily increased as the tide rose, indicating
animals were moving into the mangroves where the chances of detecting them were lower. This
would produce the effect seen in the GAMMSs from Wiggins Island data. It is noteworthy that the
Wiggins Island array was situated in a more diverse range of depths, relative to Pelican Banks, and
relatively few hits were collected on deep water stations. This would further enhance the effect of
apparently predicting greater preference for inshore areason a low tide.

Additional acoustic receivers placed in areaswhich dry at low tide may be necessary to determine
when turtles move in and out of shallow waterswith respect to tide. On the face of it, this may
appear to entail significant effort to deploy instruments which will often collect no data. However,
from a habitat prediction perspective, true absencesare as useful as presence data. Inthe case of
acoustic data, absences can arise not just from the animals actually being distant from a receiver, but
also from poor detectionrates. The analysisin this report of detection data suggests that turtlesare
probably being detected at distances <300 m. Given the layout of the arrays (with average spacing
around 800 m), it is unlikely that long distance detections are biasing the results. However, depth and
currents due to tide could be influential in determining detection ratesin shallow habitatsin
particular. Anyfuture studies need to bear these aspects in mind and explicitly factorin detection
probability when designing arrays for monitoring habitat usage.

4.2 Predicted overlap between turtle habitat and shipping

Notwithstanding the issues with the habitat preference models employed here, the prediction that
turtles mostly prefer tidal flats and areas inshore is plausible. This has clear implication for
characterizing shipping risk. Larger shipping traffic (i.e. the type observed in the AMSA data used
here) is restricted to the shipping channels which were predicted to be used to a minimal extent by
turtles.

Fromthe outset it is clear that a full risk analysisis not possible given current data. This would
require an estimate of spatial density of turtles which is currently not available and would require
dedicated surveys (e.g. see Williamsand O'Hara 2010, Redfern et al. 2013). Therefore both the
exercises of predicting habitat distribution and preference, and that of looking for more risk-prone
areasof the harbour, can be better quantified by including spatial density estimates. Nonetheless, the
broad approach outlined here should be useful as further data accumulates on the movements of
turtles.

Tracking of turtles(Chapter 1V) has demonstrated the importance algae as food source and
determinant of habitat use for greenturtles in Gladstone Harbour, in addition to seagrass and
mangroves. Accurate maps of seagrassand mangrove distribution are available for Gladstone
Harbour, and similar information is required for reefs and macroalgal habitat if these are to be
incorporated into assessments of risk to turtles.

The analysis here strongly indicates that collection of the spatial distribution of small vessel traffic
(recreational and commercial traffic without AlS) is needed if overall risk to turtles is to be accurately
assessed. Similar conclusions have been reachedin a recent assessment of risk to megafaunain Port
Curtis (Richardson et al. 2014). If the predictions of the habitat models are supportedin general (i.e.
that shallow watersare key habitat) then it is possible that larger vessels may represent a smaller
direct risk to turtles. This conclusion is somewhat different than the overall finding of Richardson et

al. (2014) in part due to their assessment that large vessels pose greater risks due to their size, but
possibly also in part because of the larger scale of their data onthe likely distribution and habitat use
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of turtles. It is important to note, however, thatthe results here cannot be interpreted as supporting
the idea that large vessels are not a cause of ship strikes. However, these analyses do support the
need to consider other types of vessel traffic beyondthat representedin AMSA's AUSREP dataset.

Because small craft such as recreational vessels or small boats operated by commercial fishers are
not routinely tracked, collecting this data would be challenging but very important given that the
speed of recreational boats has been shown to put dugongs, turtlesand other marine species at
higher risk of collision or disturbance (Grant and Lewis 2010, Hazel et al. 2007, Hodgson and Marsh
2007 Maitland et al. 2006). Other platforms for data collection such as cameras or surveys would
need to be considered to gather such information.

4.3 Summary

Modelling of turtle habitat use has addressed key goals of GISERA by providing a means of translating
insights from turtle tracking into a harbour-wide picture of potential interactions with shipping
traffic. While the potential for vessel interactions clearly exists, it appears to be lower than expected
due to relatively high site fidelity of turtles in the harbour, their small core habitat use areas, and
their preference for feeding in shallow areas. Their use of deeper areas such as channelsis higher
during low tide, when potential for interaction with commercial shipping may be higher, though
potentially still low since most appeared to stay close to channel edges, and crossed channels
infrequently. Potentially management of the risk of ship strike could incorporate this information by
focusing shipping movements on periods of high tide. Such practices may already be in place in some
parts of the harbour or for larger vessels. Other possibilities include public education campaigns, as
suggested by Richardson et al. (2014) which would not face the legal complexities encountered when
proposing “go-slow” zones.

A key information gapthat requires further study is to quantify the spatial patternand intensity of
small boat (recreational) vessel traffic which is less restricted to deep channel areas, particularly at
high tide when small craft are more likely cross shallow intertidal habitat. This is also the same time
when green turtlesare most likely to be found in shallow water. Such risks could be reduced, as they
are elsewhere, by a combination of awareness and education programsand go slow zones in critical
areas.

Tagging studies and habitat models while a key component of quantification of turtle risk, do not
provide all the information required to evaluate risks across the harbour. Totruly characterize the
probability of ship strike, fine scale spatial density estimates of turtles throughout the harbour are
required. These would be useful in also generating an associated abundance estimatefor turtlesin
Port Curtis. The latter would also go part wayto determining the population consequences of a given
rate of turtle mortality on the local population and would provide a key indicator for future
monitoring. Without thisit is impossible to determinein any absolute terms, what the ship strike risk
associated with any area or which sector of the vesselsin Port Curtis pose the greatest risk.
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Overall summary &
recommendations

Summary

During both field campaigns, water column sampling showed the dominant component of the total
absorption was the detrital or non-algal component, being greater than 70% of total absorptionin
the central region of the harbour. Thiscomponent was greater than 77% inorganic material at all
sites. CDOM was also a significant contributor to the total absorption coefficient and, because of the
high particulate and CDOM loadings, light penetrationinthe water columnwas low resulting in low
phytoplankton biomass. Diatoms were the dominant algal group at all sites within the harbour.
Interestingly, althoughthe September 2013 results showed lower particulate and CDOM loadings
than the November 2012 results, the phytoplankton biomass, as indicated by chl-a is lower in 2013.
This is likely due to the time of year; the September 2013 samples were probably collected prior to
the spring bloom while the November 2012 samples were collected during a late spring bloom.

The observations of water quality parameters provided here constitute a key step for GISERAin
developing a verifiable biogeochemical model of Gladstone Harbour. They can be used for validation
purposes in their own right, but more importantly they form the link between modelling, point
observations made in the field, and synoptic broad scale observations of water quality parameters
provided by remote sensing platforms. Water quality in turn is a key factor influencing seagrass
growth, therefore these observations are integraltothe broader goals of GISERA in developing a
reliable seagrass growth model for Gladstone Harbour.

Seagrassdistribution throughout the harbour was patchy, particularlyin more turbid parts of the
inner harbour. The use of AUVs shows promise as a means of surveying seagrass but was not viable
in areas of high turbidity and/or high current flow such as prevail in much of Gladstone Harbour. It
was effective in other areas such as Pelican Banks, Seal Rocks and, during suitable conditions, in parts
of outer Rodds Bay. Maximum depth of seagrass beds within the harbour ranged from -3.39m to
1.42 m above datum. This depth range, when measured across the range of sites, corresponded to
light levels of around 13% (+2.99 SE) of available surface PAR at Mean Low Water Neap Tide. Depth
distribution (maximum depthrange) of seagrass beds combined with water quality measurements
provided a harbour wide means of assessing model skill in predicting seagrass depth distribution.

The seagrass growth model, whichincludesa newly developed set of equations, simulated observed
seagrass distributions with a reasonably high degree of accuracy both in terms of depth range and
spatial coverage. Other innovationsin this model include the ability to use predicted ocean colour
outputsto provide a broad scale means of not only visualise variations in water quality but to
quantitatively validate or calibrate the model using remotely sensed data. The modelincludes
sediment re-suspension and inputs of freshwater and sediments from river discharges (and
potentially other sources as well). In combination with the new characteristics of the model this
mean that it has the potential to be used to predict the impact of events such as flooding on the
growth of seagrasses weeks or months in advance. Such capabilities may prove useful in terms of
managing aspects of harbour use, in order to reduce riskto important natural assets such as turtles
which are dependent on seagrasses.

Detailed mapping of seagrass biomass at Pelican Banks combined with observations of the fine scale
movements of greenturtles show that turtle habitat use (presumably feeding) is closely linked to
seagrass distribution on the banks. In areaswith lower seagrass biomass, other food sources such as
mangroves and macroalgae are more important and are also related to turtle habitat use. Turtle
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habitat use also showed significant variation in relation to water depth and tides, with turtlestending
to stay in shallow waters at high tide, mainly retreatingto channel edges or other deeper areasat
low tide when seagrass beds or other feeding areas were exposed. In general turtles, particularly
juveniles, showed a high level of site fidelity, not travelling far from the areas where they were
captured, though for unknown reasons a higher than expected number of tagged animals did move
significant distances, including outside the arrayand outside the Gladstone region. The experience
of operating a large acoustic arrayin Gladstone harbour demonstrated the viability of acoustic
tagging of turtles for providing data on habitat use and other behaviour of resident turtles. Acoustic
tagging provided similar data tothe more commonly used satellite tagging methods, but inlarger

volumes, over longer periods and at lower cost. However, untila more effective network of receivers
is deployed along the Queensland coast, satellite tags remain the best option for informing us of
larger scale turtle movements.

Risk assessment models for the Gladstone Harbour turtle population suggest that the risk to turtles
from commercial shipping is likely to be relatively low. Characteristics of turtle movementssuchas
the preference for shallow nearshore areas and infrequent movements outside the core habitat area,
mean that they spendrelatively little timein high risk areas such as channels used by commercial
shipping. However other risks such as from recreational vessels and coastal fishing operations
remain unquantified.

The work of the GISERA marine program has provided the basisfor further development of tools

such as seagrass growth and water quality modelling, as well as for seagrass risk modelling. To some
extent this potentialis already being capitalised on by programssuch as the Gladstone Healthy
Harbours Program which is further developing the biogeochemical water quality and seagrass growth
model for the purposes of both hindcasting and forecasting conditionsin the harbour. Opportunities
for further development of risk assessments have not yet been taken up, but given adequate
resources these can quickly be activated shouldthe need arise. The following recommendationsare
suggested as key means of further capitalising on the experience and outcomesfrom GISERA Marine.

Recommendations

1. Optics sampling conducted in GISERA Marine focused on sampling spatial variability.
Additional optical measurements quantifying temporal variability at fixed points, for
example throughout a tidal cycle or encompassing wind events or floods, would be
particularly useful in terms of understanding the dynamics of biophysical processes in the
harbour and in assessing and better calibrating the biogeochemical and seagrass growth
model.

2. Broad-scale, remotely-sensed observations of benthic primary producerssuch as seagrass
have the potential to be incorporated into the seagrass growth model but, in order for this to
be possible, spectrally-resolved measurements of simultaneous up-welling and down-welling
irradiance, characteristicof these primary producersand their habitats, are required.

3. Grazing byturtles and dugongs as well as herbivorous fish and small marine invertebrates
has the potential to significantly affect the distribution of seagrass, its absolute biomass and
the ratios of above:below ground biomass. Rates of grazing require much better
quantification in order for interactions betweengrazersand seagrassto be incorporated into
predictions of seagrass biomassand rates of recovery.

4. The habitat modelling presented in this report has highlighted the need for broader and/or
more targeted coverage of acoustic receivers throughout the harbour in orderto reduce
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uncertaintyin habitat prediction. Further monitoring should consider using arrayswith
expanded coverage that cover harbour areas of high operation concern as well as spanning
the range of habitats that used by turtles in the harbour. This could be investigated by
stratifying the placement of arrays with respect to depth, habitat type and other variables.
The modelling detailed in the current report could be used as an initial tool in formal
statistical design of an expanded monitoring array.

Tracking of turtles has demonstrated the importance algae as food source and determinant
of habitat use for greenturtles in Gladstone Harbour, in addition to seagrassand mangroves.
Accurate maps of seagrassand mangrove distribution are available for Gladstone Harbour,
and similar information is required for reefs and macroalgal habitat if these are to be
incorporated into assessments of risk to turtles.

Better characterisation of the risk of ship strike requires estimates of the average spatial
density of turtles and its associated uncertainty. Additionally, gathering dataon the spatial
distribution of small craft usage is likely to be a key component in understanding all sources
of mortality. As discussed in the Chapter V, both visual surveys of turtle density and data on
small boat traffic are required if risksto turtles are to be fully quantified. Surveys of turtles
would have the added benefit of providing a harbour-wide estimate of abundance. Such
estimates would allow monitoring of trendsin the local turtle population. Initial design work
indicates that such surveys are feasible.
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Appendix A Site information for optics field work

Apx Table A.1 Site code information for November 2012 field trip.

Site code Date (local ) Time (local ) Latitude (°S) Longitude (°E) Bottom depth (m)
PBN 20 Nov 2012 10:40 23.7688 151.2988 NA
PBS 20 Nov 2012 12:50 23.7903 151.2983 1.9
SFT1 22 Nov 2012 08:22 23.8979 151.3715 5
SFT2 22 Nov 2012 09:19 23.8920 151.3677 16.6
SFT3 22 Nov 2012 10:02 23.9008 151.3637 4.5
SFT4 22 Nov 2012 10:31 23.9008 151.3605 6.4
SFT5 22 Nov 2012 11:01 23.9183 151.3554 1.9
MF1 22 Nov 2012 11:35 23.8642 151.3495 19.0
MF2 22 Nov 2012 12:08 23.8450 151.3259 12.1
SFt1B 22 Nov 2012 12:47 23.8812 151.3714 4.5
SFt2B 22 Nov 2012 13:25 23.8920 151.3677 17.6
SFt3B 22 Nov 2012 14:02 23.9007 151.3635 5.4
SFt4B 22 Nov 2012 14:26 23.9087 151.3603 7.5
DCT1 23 Nov 2012 09:16 23.7304 151.1527 1.4
DCT2 23 Nov 2012 09:45 23.7297 151.1555 10.5
DCT3 23 Nov 2012 10:26 23.7287 151.1581 10.0
DCT4 23 Nov 2012 10:50 23.7274 151.1608 1.8
BST1 23 Nov 2012 12:08 23.6756 151.1296 5.0
RCT1 23 Nov 2012 12:41 23.7033 151.1425 7.5
FLT1 23 Nov 2012 13:20 23.7442 151.1602 4.4
PNT1 23 Nov 2012 13:49 23.7950 151.1876 5.3

PMT1 23 Nov 2012 14:25 23.8041 151.2275 9.1
SCD1 24 Nov 2012 08:30 23.7507 151.3175 7.9
PBMT1 24 Nov 2012 09:17 23.7858 151.3058 2.2
PBMT2 24 Nov 2012 09:35 23.7832 151.3047 3.1
PBMT3 24 Nov 2012 10:00 23.7849 151.3057 4.8
QN1 24 Nov 2012 10:30 23.7990 151.2852 13.2
COMT1 24 Nov 2012 11:40 23.7944 151.2628 3.7
COMT2 24 Nov 2012 12:00 23.7942 151.2619 10.2
COMT3 24 Nov 2012 12:36 23.7938 151.2614 7.8
WIT1 24 Nov 2012 14:51 23.7983 151.2421 8.1
Ql2 25 Nov 2012 08:07 23.8109 151.2937 2.6
Ql3 25 Nov 2012 08:50 23.8069 151.3027 5.9
EN1 25 Nov 2012 10:00 23.7766 151.2618 5.4
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Apx Table A.2 Site code information for September 2013 field trip.

Site code Date (local ) Time (local ) Latitude (°S) Longitude (°E) Bottom depth (m)
PBN 13 Sept 2013 11:50 23.7688 151.2988 0.9
SCD1 13 Sept 2013 13:00 23.7507 151.3175 8.1
PBS 13 Sept 2013 13:50 23.7903 151.2983 1.9
Qll 13 Sept 2013 14:25 23.7995 151.2850 5.4
Ql2 13 Sept 2013 15:10 23.8109 151.2937 NA
Qi3 13 Sept 2013 15:40 23.8069 151.3027 NA
RB5 14 Sept 2013 09:00 24.0388 151.6050 NA
RB6 14 Sept 2013 09:35 24.0342 151.5736 NA
RB4 14 Sept 2013 10:25 24.0200 151.6229 NA
RB3 14 Sept 2013 10:52 24.0307 151.6264 2.9
RB1A 14 Sept 2013 11:20 24.0602 151.6463 0.9
RB2A 14 Sept 2013 11:50 240695 151.6464 3.7
SFT1 15 Sept 2013 09:47 23.8979 151.3715 3.8
SFT2 15 Sept 2013 09:15 23.8920 151.3677 16.9
SFT3 15 Sept 2013 08:30 23.9008 151.3637 4.5
SFT4 15 Sept 2013 08:03 23.9008 151.3605 6.5
SFT5 15 Sept 2013 07:30 23.9183 151.3554 1.7
MF1 15 Sept 2013 10:25 23.8642 151.3495 18.6
MF2 15 Sept 2013 11:05 23.8450 151.3259 121
OF1 16 Sept 2013 08:35 23.8244 151.4056 11.9
OF2 16 Sept 2013 09:30 23.8573 151.4278 12.9
PBMT1 16 Sept 2013 11:00 23.7858 151.3058 3.1
PBMT2 16 Sept 2013 11:35 23.7832 151.3047 2.8
PBMT3 16 Sept 2013 12:00 23.7849 151.3057 2.9
EN1 16 Sept 2013 12:35 23.7766 151.2618 3.5
comT1 17 Sept 2013 06:55 23.7944 151.2628 3.9
COMT2 17 Sept 2013 07:20 23.7942 151.2619 12.5
comT3 17 Sept 2013 07:45 23.7938 151.2614 9.1
PMT1 17 Sept 2013 08:18 23.8041 151.2275 12.8
WIT1 17 Sept 2013 09:05 23.7983 151.2421 10.5
PNT1 17 Sept 2013 10:00 23.7950 151.1876 6.1

Wi 18 Sept 2013 06:58 23.8125 151.2052 2.0
BST1 18 Sept 2013 08:20 23.6756 151.1296 7.8
RCT1 18 Sept 2013 09:15 23.7033 151.1425 9.7
DCT1 18 Sept 2013 09:43 23.7304 151.1527 3.2
DCT2 18 Sept 2013 10:00 23.7297 151.1555 12.1
DCT3 18 Sept 2013 10:30 23.7287 151.1581 11.5
DCT4 18 Sept 2013 11:00 23.7274 151.1608 2.8
FLT1 18 Sept 2013 11:25 23.7442 151.1602 5.3
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Site code

Date (local )

Time (local )

Latitude (°S)

Longitude (°E)

Bottom depth (m)

CpP1 19 Sept 2013 07:10 23.8270 151.2489 10.5
CP2 19 Sept 2013 07:45 23.8378 151.2757 11.9
CP3 19 Sept 2013 08:30 23.8256 151.2911 14.6
PBS2 19 Sept 2013 09:10 23.7901 151.2985 2.6
PBN2 19 Sept 2013 09:25 23.7670 151.2991 2.6
CP4 19 Sept 2013 09:45 23.8170 151.2606 5.0
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AppendixB Bio-optical propertiesterminology

Symbol/ Description Units
Abbreviation

chl-a chlorophyll-a mg m
ChOM coloureddissolved organic matter

TSM total suspended matter gm?
a total absorption coefficient m?
acoom absorption coefficient for CDOM N
aph absorption coefficient for phytoplankton B

b total scattering coefficient B

C beam attenuation coefficient m™*

u ratio of backscattering to backscattering +absorption -

Y backscattering coefficient m™*
Irs below water remote sensing reflectance srt
Res above water remote sensing reflectance srt

A wavelength nm
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Appendix C Biogeochemical and seagrass
modelling

This section derivesfrom first principles Eq. 3, the relationship between the nitrogen-specific leaf

area, (2, the aboveground biomass of the seagrass, B (SGain the main text), and the fraction of the
bottom, as viewed from above, covered by seagrass, or the effective projected area of seagrass, Aef.

First assume that the change in the effective projected area with the addition of biomass is
proportional to the available area:

dAeff_ _
o =k(1 A;f ) (A.1)

where k is a constant. Rearranging, and integrating both sides:

e
Lo J kdB (A.2)

Solving the integrationterms gives:
—lnol —Aeff0= kB+C (A3)

where Cis the integration constant. Taking the exponential of both sides, and rearranging, gives:

Aerp =1—exp(—kB — () (A.4)

At zerobiomass, thereis zero effective surface area, thus 0 = 1-exp(-0-C). Rearranging, exp(-C)=1,
thus C=10. So Eg. A.4 becomes:

Aepp =1 —exp(—kB) (A.5)

To show that the constant k is the nitrogen-specific leaf area, €2, differentiate Eq. A.5 with respect to
biomass:

d_fif_= k exp(—kB) (A.6)

At zero biomass, when the surface is completely uncovered, placing a leaf of biomass B on the
surface covers an area of £2 B. Thus at zero biomass,

&L= 0= kexp(—k0) = k (A7)

So k=Q, andwereach, asrequired A= 1-exp(-Q2 B).

Thus this simple form provides a link between the physical characteristic of a leaf, £2, the seagrass
biomass, B, and the fraction of bottom covered A. It is relatively straightforward to show that Aes ~

2 Bwhen B is small, and Aes— 1when B is large.

This form is also used in the shallow water biogeochemical model for determining coral cover
Gustafsson et al. (2013), macroalgae cover (CEM, 2014) and bottom reflectance of the optical model.
In the simple representation here, it is assumed that the placement of each leaf is independent of all
others. That is, the change of the effective leaf areais dependent on the fraction of available space
remaining (Eq. A.1). A more sophisticated representation might consider that additional seagrass

222 | Towards an integrate d study of the Glads tone marine system



shoots are more likely to be located close to existing shoots. This appears tobe a small effect, and of
course, it is likely that plant anatomy might have evolved, as far as possible, to avoid such an effect.

A preliminary assessment of Eq. 3 is given in Figure B.1, showing observations of the fraction of the
bottom covered against seagrass biomass from Gladstone Harbour. Uncertainty exists in the
estimates of both biomass and effective area at low biomass. At low biomass, Aef™ €2 5, so any model
error at low biomass is due is errors in estimating €2, rather thanthe form of Eq. 3. At higher
biomasses, Eq. 3 appears to well represents the effect of reduced bottom coverage due to shoots
overlying eachother.

In a study of canopy density and photosynthesis in Amphilibolis griffithii (Hedley et al. 2014) used
observations to fit the percentage of light transmitted through a seagrass canopy to the leaf area
index, LAI: percentage = exp(-0.29 LAI). In our model, the transmitted fraction is exp(-sin PBolade Ar £2 5
B). Given that Qg B = LAI, their form is identical to ours, with our model having a geometrically-
determined coefficient of ALsin Bbiage=0.35 for Zostera, comparedto their empirically-determined
coefficient for Amphilibolis of 0.29. Thus both the form of Eq. 3, and our physical means of
determining the coefficient, work well.
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Apx Figure C.1 Observations (0) andmodel estimates (lines) of the relationship between the effective
projected areafraction, A, and seagrass biomass, B (Eq. 3). The conversion between dry weight and leaf
nitrogenis 0.0192 g N g dw™ (Duarte, 1990). Observations are derived from datain Chapter 11, Figure 38.
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Appendix D Acoustic tagging and tracking of
Dugong — proof of concept paper

Is acoustic tracking appropriate for air-breathing marine animals? Dugongs as a
case study
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Abstract

Marine animals face increassd pressure through expanded shipping and recreationsl sctivities. Effective conseration
and management of large species like marine mammals or sea turtles depends on knowledge of movement and habitat
use. Previously studies have used dats collected from either satellite or sooustic telemetry but rarely both. In this study,
data from satellite amd scoustic technologies were used toc Determine the efficacy of satellite and scoustic telemetry to
define dugong movement patterns; compare the benefits and limitstions of each approsch; examine the costs of each
approach in relation to the amount and type of dete provided; snd relste telemetry data to the boundaries of a Go
Slow smrea designed to protect dugongs end turtles from vessel strike within an urbanizsd coastal embayvment (Moreton
Bey, Quesnsland, Australia). Twentv-one dugongs were captured in ssaprass hebitats on the Esstern Banks of Moreton
Bay in July - September 2012 and July 2013 and fitted with GPS and acoustic transmitters. Both satellite and acoustic
telemetry produced relisble presence and movement data for individual dugongs. When the dugongs were within the
range of the acoustic array, there was relatively good cormespondence betwoen the overall spece use measures derived
from GPS and acoustic transmitters, demonstrating that scoustic trecking is a potentially valuable and cost-effective tool
for monitoring loecal dugong hebitat uwse in environments equipped with acoustic receiver arreys. Acoustic technology
may be particularly wseful for species that establish home ranges with stable residency especially near larpe urban or
port environs. However, the relative merits of the two technologies depend on the research question in the context of
the species of interest, the location of the study and whether the study site has an established scoustic arrey.

Kegwordz:  Dugong dugon, marine wildlife, acoustic, satellite, telemetry, GPS

1. Introduction

The growth of coastal ports and urban areas has in-
creased pressure on marine animals through expanded ship-
ping and recreational sctivities. For example, the speed of
recreational boats has been shown to put dugonpgs, tur-
thes amd other marine species at higher risk of collision
or disturbance (Maitland ot al, 2006; Hazel ot sl 2007;
Hodgson and Marsh, 2007; Grant and Lewis, 2010). Data
showing the pressncs and movement patterns of animals
in relation to factors such es critical babitat and humen
use of coastal waters fill & key knowledge gap for manag-
ing coastal developments and provide important insights
for the effective conservation of exploited or endangered

* Corresponding authar
Emoal eddress: daniel . zehmy. jcu.edu.an (Dunied B Zeh)

FPreprint submiited to Elsovier

specios (Cooke, 2008; Bograd et al., 2010). For mansgers
responsible for protecting these species, defining movement
and behaviourel variables is challenging due to the dy-
namic nature of these cosstal environments and the dif-
ficulty in determining what an individual iz doing (e.g.,
feeding, moving) at & given time. Researchers have used
various forms of telemetry to understand these sspects of
marine enimal behaviour. Telemetry data heve been em-
ployed to elucidate a wide arrey of biological factors in-
cliding: migration, home range, habitat use, mortality,
site fidelity, diel and seasons]l patterns and habitat pref-
erence (soe reviews by Hart and Hyrenbech, 200%; Hezen
et al, 2012 and Heupel and Webber, 2012). Telemetry
analyses have also becn used to address mansgement and
comservation challenpes (Bograd ot al., 2000).

The two main spproaches ame satellite and sooustic
telemetry (e.g., Marsh and Rathbun, 1900; Sheppeard et al.,

Cetober &, 201
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2006; Cooke, 2008; Heupel and Webber, 2012). For ex-
ample, data from acoustic telemetry have been used to
caleulate the mortality rates of juvenile sharks to improve
stock assessment models for fisheries mansgement | Heupel
and Simpfendorfer, H02; Knip ot al, 2012a; Pillans ot sl
2014) to evaluate the cfficacy of marine protected areas
{Heupeal and Simpfendorfor, 2005; Knip ot al, 20125} and
have provided data on the locations and dive movements
of lumpback (Baumgartner et al., 2008) and right whales
{Wimn et al, 1995). Similarly, data from satellite tag-
ging have besn used to analyse home range and habitat
use for meansgement and conservation (James ot sl 2005;
Shillinger et al., 2008; Slone ot al., 2013; Jaine et al., 2014)
and for understanding animal movements including migra-
tions in relation to cosstal development (Sheppard et sl
2006; Costa et &l 2012; Pendoley et al., 2014).

Passive aeoustic telemetry arrays offer considerable ben-
efit for studying behaviours of marine species because the
sasociated small transmitters are light, less axpensive and
have longer battery life than satellite trensmitters. Indead,
sooustic receiver arreys have been used to track over 8
species of marine animals to study migration, home range
and hebitat use (Heupel et sl 2006; Heupel and Webber,
2013). This approach has been faciliteted to some ox-
tent by the installation of passive acoustic amays through
nationsl networks such as the Integrated Oeoan Obsory-
ing System (1008, United States, Malone, 2004; Raynor,
201, Luerkovich et al , 2012}, the Australian Animal Tag-
ging and Monitoring System (Heupel and Simpfendorfer,
2014) of the Integrated Marine Olserving System (IMOS,
Australis), and the Pecific Ocean Shelf Trecking Array
({POST, Caneda, Welch ot al., 200}, Large arrays are
being considered on all United States and Cansdian coasts
with plans to be integrated through the Oooan Shelf Track-
ing and Physics Arrey (Grothoes, 20009). Lerge arrays that
are installed and maintained collectively rather than by in-
dividual researchers offer considersble benefits to marine
wildlife tracking because many species can be tracked us-
ing the same sooustic armay (due to the pseudo-random re-
peat rate of each individual transmitter, designed to avoid
signal collision) offering solutions to understanding the bae-
haviour of animals in and amund ports and industrial de-
velopment. The main limitation of acoustic arrays is that
movernents and activity are not recorded while the animals
are outside the armay.

However, when contimions spatisl amd temporal in-
formation is required across long distances, most marine
mammal and reptile studies have used =satellite telemetry
(Cooke, 2008; Block et al, 2011; Costa et al., 2012)_A ma-
jor limitation of satellite tracking is that tags are exter-
nally attached to the animal (eg., by attachment to the
dorsal fin, Pennisi, 2005; Gales et al., 2012} or attached
vie & tether with a weak link (Marsh and Rethbun, 1000;
Dweutsch et al., 1998; Teid et al, 2001) which makes them
susceptible to bio-fouling and early loss. In addition, de-
ployment times are limited by battery life; thus, animals
are typically tracked only for relstively short periods {often

weoks to months; Hart snd Hyrenbech, 2000} depending
on the size of the battery pack and propramming of trans-
mission rates. Also some satellite tags are large, restrict-
ing tracking to adult snimals. However, recent advances
in ministurising the tags allow tracking of small imma-
ture turtles (Mensfield et al, 2014). Understanding the
relative costs and performence metrice of both scoustic
and satellite technologies is importent because both ap-
proaches offer the potential to obtain important insights
into behaviour of animals, especially around cosstal devel-
opments. Despite the broad application of both scoustic
and satellite technologies to track animal movements, fow
studies have ftted animals with both technologies to test
and compare the efficacy of each.

While application of both technologies s not appro-
priate for many small species, larger marine animals pro-
vide an opportunity to examine the benefits and limi-
tations of esch spproach. The dugong, Dugong dugom,
which iz listed ss Vulnerable to extinction by the IUCN
{Marsh, 2008) and i= one of the Great Barrier Reof re-
gion's World Heritage Values (GBRMPA, 1981), provides
an excellent research opportunity. Individuals sre large
enough to carry both satellite and acoustic transmitters
and they are not likely to be disturbed by the sooustic
transmitter frequency of G0 kHz since it is probable their
hearing range is similar to the 400 Hz to 46 kHz range
of manatess, Tricheshus spp. (Marsh et al, 2011 and D.
Ketton, pers. comm.).

Human activities that affect populstions of dugongs
and other threatened marine wildlife must be managed
more intensively in high human-use areas to reduce the
potential for reproductive isolation of populations that re-
main in the dwindling number of coastal wild places. Al-
though many dugong hehitats in eastern Quesnsland have
been protected from incidental fishing by spatial elosures
{Dobbs et al, 2003; Fernandes et al, 2010), several erit-
ical habitats are adjacent to current major or proposed
port developments. Managers face significant challenges in
protecting dugongs from anthropogenic impacts in these
areas.  High density humen activities occurring within
and adjacent to dugong habitat at several of Queenslands
major ports such ss Brishane, Gladstone and Townsville
greatly increase the risk of exposure to & host of threats
that may not exist in less developed areas (Chilvers at &l
2005

We collected data from seoustic and satellite technolo-
gieg to describe the presence and movement patterns of
dugongs in an urbanised ares (Moreton Bey, Quesnsland)
sdjacent to the Port of Brisbane, Australies third busiest
port. The study focused on an ares of shallow seagrass
and an essociated Go Slow Zone to define uwse of this re-
gion by dugongs and the efficacy of the current manage-
ment Arrengaments to protect dugongs from bost strikes.
Go Slow Fones are reduced speed zones designed to reduce
the likelihood of risk of vessel collision (Laist and Shaw,
2006; Calleson and Frohlich, 2007, Marsh et al, 2011).
Study site selection wes based on persistent dugong pres-
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ence in this area ss representative of conditions in coastal
port environs to provide proof of concept for wsing scoustic
telemetry on dugongs.

Diats analyses from setellite and acoustic technologies
were used tor 1) determine the efficacy of satellite and
goonstic telometry to define dugong movenent petterns; 2)
compare the benefits and limitations of esch spproach; 1)
examine costs of esch approach in relation to the amount
and type of data provided and 4) relate telemetry data
to the boundaries of 4 Go Slow ares designed to protect
dugonpgs and turtles from recrestional vessol strike in an
area of considerable recreational and commercial boat traf-
fic. We also evaluate the relative merits of the two tech-
nologies for other species of air-bresthing marine animeals.

2. Materials and Methods

The movements of dugongs were examined in Moreton
Bay, Queensland adjacent to Brishane, the third largest
city in Australia with a population over 2 million in 2011
anid the nations third largest carpo port { AustralianGovern-
ment, 2013). The study site, an important dugong habi-
tet ares (Lanyon, 2003; Chilvers ot al, 205), includes
both shallow and deep water regions in the Eastern Banks-
South Passage area adjacent to Moreton and North Strad-
broke Islands (Figure 1). The multiple-use Moreton Bay
Marine Park encompasses the entire bay and sdjacont wa-
ters amd includes a range of no-take, limited sctivity and
Go Slow zones. Water depths within the study site ranged
from 2 to 2m with varishle benthic habitat types includ-
ing sand end seaprass (RoelfEema et al., 2008). The study
site was defined by two sreas: the acoustic telemetry array
and the Moreton Bay Region (Figure 1).

Field Methods. For deployment of the sooustic array, an
ares dominated by seaprass in eastern Moreton Bay was
seloctod becanse it consistently supports large nombers of
dugongs (Lanyon, 2003). An arrey of 23 acoustic receivers
(VR2W, Vameco, NS, Canada) was installed over 170 km?®
of this high density dugong habitat (Figure 1). Acoustic
receivers were deployed on paving slabs with metal poles,
suger anchors or flost and anchor systems depending on
depth and current. The array was deployed in March 2012,
removed in December 2012 and redeployed st the same
locations in May 20013,

Dugongs were captured in seagrass habitats on the
Eastern Banks in July - September 2012 and July 2013
using the rodeo method developed by Mamh and Rath-
bun {19480) and refined by Lanyon et al. {2002). For each
dugong, total body kength was messuraed (cm) in & straight
line from snout to fluke notch, sex was noted and a tita-
nium I} tag, satellite transmitter and an acoustic trans-
mitter were stteched as standard protocol {Limpes, 1902).
An ARGOS GPS transmitter (Gen 4 Marine Unit, Telonics,
USA} was attached to 21 dugongs using a 3m tether and
padded tailstock harness developed by Marsh and Rath-
bun (1980) and modified following Holley et al. {2006) in

2012. In 2013, the hamess design wes altered sgrin based
on the design used for tracking manatees (J. Powell, pera.
comm.). Both harness designs wsed here incorporeted a
weak link designed to hreak under stress to ensble harness
releass if the tether snagged and corrodible links designed
to release the tailstock harness and tether after several
months.

An ARGOS GPS transmitter (Gen 4 Marine Unit, Talonics,

USA) was attached to esch dugong using a 3 m tether and
padded tailstock harness developed by Marsh and Hath-
bun (1990) and modified following Holley et al. {2006) in
2012, In 2013, the hamess desipgn was altered based on
the design used for tracking manstees (J. Powsll, pers.
comm.). Both herness designs incorporated a weak link
designed to break under stress to enable harness relesse
if the tether snageped, and & corrodible link to release the
harness snd tether after several months,

The ARGOS GPS transmitters were programmed to
emit & GPS position every hour. Location date for each
animal were collected daily through the ARGOS website
via the unique satellite tag ID. GPS dats were available
after converting ARGOS DS (all satellite messapes) data
using the Telonics Deta Converter software [Telonics Ine.
USA, 2007). These data were used for all analyses sfter
filtering as outlined below. Location data were defined
from the time the dugongs were relessed until & transmit-
ter stopped transmitting or detached. Immediste post-
capture lecations were not removed from the dataset as
studies of the behaviour of dugongs fitted with time-depth
recorders (TDE) in 2012 indicated no behavioural changes
after capture and handling (Hegihars et al, 2011). The
tag detachment date was determined by the characteris-
tics of the animals track. While attached, the treck pat-
term was visibly irregular and after detachment the treck
reflected drift with the cument. The clear differance be-
twoen the pre- and post- detachment tracks enabled ac-
curate estimation of the overall time of GFS transmitter
deployment and aided tag recovery. All tracking dats were
truncated at the estimated detachment date, to ensure ac-
tivity spaces excluded drift date.

Each tailstock harness was fitted with an acoustic trans-
mitter (WV16TF, Vemeo, NS, Canada) to facilitate scoustic
trecking. Acoustic transmitters had an estimated battery
life of 824 days and emitted & unique code ID, depth (m)
and temperature (7C) with data trensmitted at 69 kHe
at & pseudo-rendom interval every 45 - 90 seconds. The
pesudo-random repesat rate was used to avoid signael colli-
sion with other deployed transmitters. Acowstic receivers
detected the presence of acoustic transmitters that passaed
within 500 m besed on data collected from moored sen-
tinel tags in the study site (M. Heupel unpublished data).
Data were downloaded in November 2012, August 2013,
December 2013 and April 2014.

Data Filiering. Data from GPS and sommstic transmitters
were standardised by binning into three hour pericds to
allow direct comparisons of the dete from the two tech-
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nologies and to minimize sutocorrelation. GPS data bin-
ning and filtering were accomplished using a custom R
script based in part on previous speed-filters (McConnell
et al., 1992: Flamm et sl, 2001; Austin et al., 2003; Fre-
itas et al., 2008). GPS data filters included filtering to:
1) eliminate duplicate times or duplicate consecutive lo-
cations, 2) retain only Successful and Resolved QFD data
(ie., the most sccurate and most relisble data) and, 3)
remove spurious consecutive data points that resulted in
calculated speeds greater than 20 km/hour for maximum
burst swimming speed (Marsh et al, 1981) or caleulated
speeds greater than 10 km/hour for maximum cruising
speed (Marsh et al., 1981). OQutlier data occurring on land
were also deleted.

Acoustic monitoring does not provide GPS location
data for individuals since the data consist of receiver based
detections. To compare between methods, acoustic data
were processed to provide positional locations for indi-
viduals using a centre-of-activity approach (Simpfendorfer
et al, 2002) that produced mean locations from detec-
tions in each three hour time bin. Animal positions were

calculated based on & weighted mean of the number of
detections at esch receiver in the array within each time
period.

Dumation of Tracking. All GPS data from the Moreton
Bay Region (Figure 1B) were used to analyse the durstion
of satellite tag deployment; the durstion of acoustic tag
deployment was estimated from the data recorded by the
arrsy. A subset of 21 consecutive days of tracking for 13
individuals (see Supplementary Material Appendix A for
dates) was used for detailed comparative analysis for in-
dices derived from GPS and acoustic data within both the
Moreton Bay Region and the acoustic array (Table 1). The
range of 21 consecutive days was the maximum number of
days that data were simultaneously available from both
technologies for the greatest number of dugongs. Further,
using the same time range for all individuals enabled the
calculation of composite estimates of activity space of all
individuals within the array. GPS data only were used to
calculate Array Presence, Seagrass Presence and Go Slow
Zone Presence because those anslyses are a percentage of
the movement in the Moreton Bey region (not only within
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Table 1: Analyses applied to the 3 doy subset of GPE nnd acoustic dotn from 13 dugonps within the Moreton Bay region (MBR) (1.,
including areas bayond the acoustic arrny Ref1-5) and comparison of acoustic and GPS data within the array (Ref. 6-8) where MOF =

minimum comva polygom, KULD = kernol utilsation distribution.

Ref  Term Diescription Use

1 Array Presence Percentage of GPS postions inside Calculate proportion of kcations within the
the acmmstic array relative to the MBR  acowstc amay

2 Seagrass Presence Percentage of GPS positions inside Calculate proportion of khcations within the
seagrass beds relative to the MBR seagTAsy

] Go Slow Zone Percentage of GPS postions inside Calculate proportion of khcations within the

Presence the Go Slow Zone relative to the MBR  Go Slow fone

4 Array Use GPS MCP within the acoustc array Measure the overlap m area between
relative to GPS MCP of movement MER
the entire MBR

5 Spatial Overlap: MCP  Measure of overlap between acoustic Determine how similar MOP ares estimates
and GPS MCP areas within array were between methods

[ Spatial Overlap: 50%  Measure of overlap between acoustic Determine how similar 505 KUD estimates

EUD and GPS 50% KU areas within

were between methods

array

T Spatial Overlap: 05%

Array

the acoustic array itself).

Comparieon of Acoustic and GPS Data Ouiputs. Eight
dugongs were omitted from the analyses because their GPS
transmitters detached after & fow deys or because they re-
mained within the arrey for only & few days (See Supple-
mentary Materisl Appendix A). Minimum convex poly-
gons (MCP) were caleulated to define the extent of move-
ment of individuals. Space use was further refined by
caleulating 506% and 95% kernal utilization distributions
(KUD). The 50¢% KUD represents the core use area of
an individual while the 95% KUD represents the ectent
of movernent, similar in scale to MOP estimates. Acos-
tic telemetry dats were restricted to the confines of the
msooustic array but the GPS data extended to the More-
ton Bay Region. Composite sctivity space estimates were
produced by eombining the 13 individual data files into
a single file each for GPS and acoustic tracking datesets
respectivaly.

MCPs were caleulated using the using the Convex Hull
tood in AreGIS 1001 (ESRI, 2013). KUDs were caleulated
using the kde and imopleth tools in the Geospatial Mod-
elling Environment (Boyer, 3012). KUDs are sensitive to
sample sige and smoothing parsmeter (Millspaugh ot &l
2006; Pillans et al., 3014). After explorstory data anal-
yeis, likelihood eross-validation (CVh) was chosen as the
most hiologically relevant smoothing parameter to com-
pare the acoustic and GPS KUDs given the small sample
sizes prosent (Seaman and Powell, 1996; Horne and Gar-
ton, 2006); e.g., sample sizes for 21-day acoustic sctivity
contres wore less than 44, This approach i= consistent with
Gredeens et al.’s 2014 work on dugong home ranges. Land
masses were excluded from all KUDe and MCPe using the
XTools Pro 9.2 extension for ArcGIS (DataEast, 2013).

Measure of overlap between acoustic

EUD and GPS 5% KU areas within

Determine how similar 955 KUD estimates
were between methods

Size and overlap of activity spaces (21 day daie for 13
dugongs). Activity space estimates were used to define the
amount of space used and identify whether different met-
rice (MCP, KUD) produced overlapping spatial outputs.
Intersections of activity space cstimates were caleulated
betwesn {GPS and acoustic) MCPs, 506 KUDs and 95%
KU for individuals using the Intersection tool in Ar-
oIS, Areas of intersection were caleulated and the ratio
of intersected ares to GPS area caleulated ss & percont-
ape for each individual The percentege of intersection
provided an indication of the level of agreement betwesn
setivity space estimates.

Day-Night Comparisaons. Data from the composite 21 day
GPS and acoustic trecking dats were divided into day
{0600 to 1800 hrs) and night (1300 to OG0 hrs) time pe-
rinds. Activity space estimates were used to define the
amount of space used during day amd night periods. In-
tersections of activity space estimates were caleulated he-
tween (GPS and acowstic) MCPs, 50% KUDs and 95%
KUz for the composite data set using the Intersection
tool in ArcGIS. Areas of intersection were caleulated and
the ratio of intersected ares to GPS ares caleulated as a
percentage for the composite date set. The percentage
of intersection provided an indication of whether different
areas were wsed during the day or night.

Srability of Activity Space. Patterns of residency and habi-
tat usage within Moreton Bay, the acoustic array, the sea-
grass area, and Go Skow Zone (Figure 10C) for esch dugong
were estimated wsing indices of time, distance and ares
{Table 1). To determine whether the full extent of activ-
ity space had been identified based on GPS and scous-
tic tolemetry, activity space stability was caleulated using
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Table 2: Activity spaces of the 13 dugongs within the armay over the 21 day periods using both GPS and acowstic dato.

Spatial Spatial Spatial
Chverlap Chverlap Chverlap
Tag I GPS  Acoustic (%) GPS  Acoustic (%) GPS  Acowstic (%)
QASDEDE 534 121 123 63 5.4 44 465 344 503
QASDT22 S5 545 s27 102 157 a1 683 024 2.4
QASDETT 801 612 693 56 6.6 W00 245 1603 100.0
QASDsd1 450 154 86 83 a5 128 221 M3 603
QAS0TI0  1M4 1811 997 102 483 W00 815 ATl 954
QA3DGTE 315 147 46.6 5.8 1.1 73 225 7.1l 200
QAS0TI2 1010 425 4218 59 0.5 09 491 45 23
QASDEDd 414 523 884 29 13 a4 187 93 15.8
QASDTOS 512 118 48 87 10.2 888 193 568 836
QA15309 1221 A48 619 74 49 193 619 B 239
KEi20 675 00 722 81 76 44 332 478 505
TT1561 1139 1048 851 5.0 17.0 556 55.5 055 745
QASI1s 933 472 3|6 23 8.3 00 465 542 45.0
Composite  167.1 1960 981 B2 12 45 640 163 1.4
Mean 755 564 580 5.8 1LE 36 414 676 5.7
5D 82 485 asp 27 12.3 81 208 705 802

cumulative ares analysis. Cumulative analysis consisted
of weekly MCP areas summed across weeks (eg. wesk
1+weck 2, week 14+week 24week 3) to determine whether
sotivity space plateaned over time.

Ciost Comparisons. To determine the cost effectiveness of
sooustic versus satellite tolemetry, the cost of tracking
dugonps fitted with GPS and acoustic transmitters was
compared for nine sconarios. Scenarios included the two
tracking methods (GPS and acoustic) times thres levels of
logistical difficulty: 1) easy catching and sccessible loca-
tion (.. Moreton Baey), 2) difficult catching and acops-
sitle location {e.g. Townsville), snd 3) difficult catching
and remote location {e.g. Boigu, Torres Streit). In sddi-
tion, scenarios with and without an established sooustic
array were comsidered. Costs were based on dugong catch-
ing trips conducted by James Cook University in 2012 and
2013 (e, Gredzens et sl., 2014). Logisticsl assumptions
are presented &5 Supplementary Material Appendix B. To-
tal cost estimates were based on the cost of different pa-
rameters, including equipment, trevel, salary, and operat-
ing coste. Omly direct costs were considered.

3. Results

The tailstock harness that contained the scoustic tag
tended to remain on the dugong longer than the tether to
which the GPS transmitter was attached. Thus the mesn
tracking period for acoustic transmitters was 107 days (SD
= 05 days, median = 60 deys), significantly grester then
the mean tracking period of 30 deys for GPS (5D = 26
days, medien = 35 days, Welch Two Sample t-test, p
<0.01). Four dugongs were still being acoustically tracked
&t the last download in early April 2014, 256-266 days after

deployment. The longest GPS treck period was 108 days
which reflected the battery life of the GPS transmitter.

Tabla 3: Comparison of the preames of 13 dugongs amd composits
data in the ncoustic array, sengross and Go Slow Fone over the M

day periods in which ench animal wos tradoed.

Go Slow
GPS Array Seagrass Tone
Paints Pressnce  Preence  Presence
Tag IT} in MCP (%) (%) (%]
0 A3DGOG 15T 879 771 9.0
QA30T23 170 B2E.8 GAE (o]
QAIDGTT 1Tl 94.7 s oLE
G A30541 65 923 Bl BB
QA30TI0 141 3.0 B5 B 94
QAIDGTE 172 983 053 orT
QA30T12 162 7.8 Ta5 Ta5
QA3DGOY 160 344 &G 17.5
QA30TOR 169 LT o] .. R
GA1E300 121 T6.0 636 w03
KER240 162 938 BAG BT.T
T71561 141 BE.T B T6.6
QA3Es 173 o7.1 422 [
Compoarte 1964 801 T6.3 716

Hahitat wse was calenlated from GPS data and com-
pared for 13 dupongs. Arrey Prescnce values, Seapgrass
Presence values and Go Slow Zone Prescnce walues all
showed high presence of dugongs in these aress (Table 3).
Diegpite this, only five individuals had Go Slow Zone Pres-
ence values greater than 80% and one animal spent less
than 18% of its time within the Go Slow Zone. Habitat
use from composite dete also indicated that most of the
dugongs time wes spent within these three Go Slow arcas.
Array Presence for 13 dugongs over the 21 dey period had
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& mean value of TB% (medien = 9%, 5D = 23%; range
= 32-06%) providing further avidence thet the setivity
spaces of tagmed dugongs were mostly within the scoustic
AITHY.

Size and Owverlap of Activity Spaces (21 day data for 13
dugongs). The estimates of MCPs, 50% KUDs and 95%
KUDs varied between dugongs for the two technologies
{Table 2), which is to be expected as the date generated
by the two techniques are not directly comparable. The
results were very close for some dugongs, but varied for
others (Figure 77), suggesting individual dugong move-
ments played a role in resulting activity space estimates.
However, these metrics also reflect the acoustic array ge-
ometry, the number of acoustic receivers recording individ-
ual animal signals and the analytical methods used. The
intersection of (GPS end acouwstic) MCPs as & percentage
of the GPS MCP ranged from 12% to almost 100 (Ta-
ble 2). The corresponding figures for 0% KUDs ranged
from O-100%, and 8-100% for 85% KUDs. The composite
GPS and acoustic MOPs overlapped by 927%, composite
0% KUDS by 4.5%, and composite 95% KUDs by 11%.
These data indicate that a reliable picture of the sctivity
space use of dugongs in the confines of an acoustic array
can be obtained by acoustic trecking several animals.

Day-Night Comparizens (21 day data for 1.3 dugongs]. The
resulting MCP, 50% KUD and 95% KUD estimates calcu-
lated for day and night pericds were nearly identical in-
dicating that for the 13 animal composite data there was
little difference in behaviour between day and night peri-
ods. The intersections of the scoustic and GPS day and
night MCPs were 87% (dey) and 84% (night) ss percent-
ages of the corresponding GPS MOCPs, indicating a high
level of agreement. The overlap of KUD areas was much
smaller with only 4.2% (dey) and 30.3% (night) overlap of
the 50% KUDs and 33.8% (day), 25.0% (night) overlap of
the 05% KUDs. Although these 50% and 95% KUD ratios
were small, the mapped KUDs (Figure T7C) show that
the locations of the respective GPS and acoustic % and
05% KUDs were spatially close. Thus comparisons using
both technologies indicated little difference between day
and night use of the array area by the tagged dugongs.

Stability of Activity Spece. Analysis of cumulative MCP
home ranges indicated space use of dugongs in the Moreton
Bay Region continwed to increase over five woeks for the 13
dugongs for which the requisite acoustic trecking data were
available. However, MCP estimates stabilised after two
weaks for the nine dugongs tracked using GPS technology.
These data suggest that during this short term study, GPS
trecking captured the extent of movement more quickly
than acoustic tracking although there was a high degree
of overlap and sgreement in sctivity space size using both
methods (Figure 2). However, it is not possible to separate
confounding influences of technology snd the analytical
mithods used and so these conchisions are tentative

Figure 2= Cumulstive space use of dugongs based om MOP analy=s
The horizontal bar shows the median value of days tracked, baxes
indicnte TE*" and 235" percentiles and whiskers show the maximum
ond minimum value of y (sctivity space area).

st Comparieone. Regardless of the method used, track-
ing is least costly in easily accessible aress where dugongs
are easy to catch, such a5 in Moreton Bay. In areas where
sooustic arrays are established, acoustic tracking i= more
economical than GPS tracking regardless of the scenario
{Figure 3). However, if an ammay is not in place, it is likely
to be more cost-affective to use GPS tracking unless track-
ing longevity is a priority or an array can also be used for
other species to spread costs across projects or among col-
labworators. Diffieulty of capture also increased costs b
cause catching dugongs in areas of high turbidity will teke
& greater amount of time and necossitates the use of spot-
ter aireraft compared with eatching in clear water where
dugongs are more easily spotted. A high proportion of
the costs mssociated with GPS trecking are from equip-
ment costs {=35%), whereas most {=50%) of the expenses
with acoustic tracking are associated with opersting costs.
The proportion of operational costs increases by approxi-
mately 20% when acoustic arreys need to be deployed (sse
Supplementary Material Appendix C).

4. Discussion

Data indicated that both satellite and sooustic teleme-
try produced relisbhle presence and movement data for indi-
vidual dugongs. When the dugongs were within the range
of the acoustic array, there was relatively good comespon-
dence between the overall spece use measures derived from
GPS and acoustic transmitters, demonstrating that acous-
tic tracking is a potentially valusble and cost-effective tool
for monitoring local dugong habitat use in environments
equipped with acoustic recoiver arrays.

The duration of seonstic tracking was greater than that
of satellite tracking although the range of tracking days
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Figure 3: Costs for each tracking method for ench seenaria; Scennrio
1- engy catching and necessible loeation (2.5, Moreton Bay, where the
water is clonr); Scenario 2 - difflcult catching and necessible loeation
(2.5, Townsville, where the woter has high levels of suspended sedi-
mant); and Scomario 1 - dificult eatching and remote location (o.g.,
Eoggu, Tarres Strait, where the water can be clonr but mangroves
nnd cornls make for difficuls access).

was highly variable for both technologies largely duoe to
the attachment mechanism (see Supplementary Matorial
Appendix A). The median number of days tracked for
dugonpgs fitted with GPS tags was 3b deys compared to
GO days for acoustic transmitters. The fectors contribut-
ing to these differences in longevity betweon technologies
include: 1) operstional difficulties with the tether attach-
ment in 2013, which cansed several GPS units to detach in
& few days; 2) the tether armangement which is designed to
bresk if the tether bocomes entanpled; 3) the duty evele of
the GPES transmitters which limited the battery life (108
days); 4} the sorrodible link in the tailstock belt which
in 2012 detached after a maximum of 69 days (before the
arrey was disbandsd) but lasted for up to 108 dayvs in the
redesigned tag armangement in 2003 ensbling the scoustic
trecking to continue for more than 266 days and §) seous-
tically tracked animals leaving the array arca.

The requirement to maintain the GPS tag at the sur-
free via & tether mechanism produces & significant limita-
tion to tag life becanse of the need to incorporste & weak
link in the attachment mechanism for animal welfare rea-
sons (Deutsch et al., 1998; Reid et al, 2001). In contrest,
sooustic tags are much smaller, producing less drag and en-
shling a more dursble attechment (in this case & tailstock
belt) with the cepacity to provide dets for longer periods.
If the acoustic tags had been surgically implanted in the
dugongs, the differences in the longevity of the two tech-
nigues should have been much greater. The acoustic tags
have longevity of 894 days; the battery life of the GPS
tegs would heve lasted no more than a year even with a
duty-cyele designed to maximise battery-life.

Both technologies provided important insights into habi-
tat use within the array even though overlapes of space use
estimates of satellite and acoustic telemetry dets within
the confines of the acoustic array were varishle. Compar-
mon of core use areas (0% KUD) indicated low overlsgp
in location estimates for approximately half of individu-
als. However, for two individuals, core area overlap was
100% indicating the two methods captured the location

of these individuals equally well. Comparison of extent of
mevernent (MOP and 05% KUD) showed greater than 50%
overlap for over half of the individuals providing results
similar to those for core areas. In most cases MOCPa based
on seoustic estimates were smaller than those for satellite
tags, presumably a result of the spacing and distance be-
tween receivers in the arrey which was, of course, not a
fector for satellite locations. In contrast KUD estimates
hased on acoustic detection were larger than for GPS data.
Again, this was likely due to the geometry of the array in
this case because of the relatively sparse nature of the ar-
ray {non-overlspping detection redii) and consequent re-
duction in positional accuracy. The relative differences
between methods were smaller for the 95% KUD than for
the L% KUD, probably for the same reason. The dif-
ferences in the relative sige of MOP and KUD estimates
for the two methods highlight the unavoideble tension be-
tween acoustic array size and sCoCurecy.

Cumulative home range analyses indicated that home
ranges did not incresse by large amounts over the tracking
pericd which also suggests residence within defined spaces
for the dugongs that did not leave the ares during the
tracking period. Spatial residency in various locations was
high for many individusls, & result comsistent with (Shep-
pard et al, 2006). Although most of these dats only span
periods of several wesks, they suggest high use of specific
areas over the short to medium term, a result confirmed
by our 21-day analyses. Most data collected during the 21
day periods | >75% of satellite locations) were within the
pooustic arrey.  Similarly, 70% of individuals spent over
BL'% of their time within the array when considering the
entire GPS tracking period with mited movement into
deeper regions outside the barrier islands. This pattern
indicates high fidelity to thiz region and highliphts the
importance of the seagrass meadows around the Moreton
Banks for dugongs &5 has been established by other studies
{e.g.. Lanyon, 2003} end is part of the rationale for the
Go Slow Zone on the Eastern Banks.

Our studies indicated that in the area of the array,
there was very little evidence of diurnal differences in dugongs
metivity space. Most information sugpests that sirenians
do not have well defined periods of circadian activity (sse
Marsh et al, 2011, for review). This lack of marked diel
sctivity patterns is consistent with the sbesnce of & pineal
organ in the brain of sirenians, which can act as a regula-
tor of daily rhythms in temperste zone mammals {Ralph
et al., 1985).

The boundaries of the Go Slow Zone overlap much of
the mapped seagrass areas. All tracked individuals spent
large amounts of time over seagrass arcas =0 it was not
surprising that the spatial residence of most individuoals
examined in the 21 day analyses overlapped extensively
with Go Slow Zones (;60% of space used was in Go Slow
Zones). Howewver, location data indicated that individ-
uals regularly moved in and out of the Go Slow Zone.
This result suggests that the spatial extent of the Go Slow
Fone is providing some protection for dugongs from boat
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strikes but that it is unlikely to be 100% effective. There
was & high degree of individual varisbility in the number
of recorded locetions within the Go Slow Zone indicating
that some dugongs will receive more protection than oth-
ers from that regulatory initistive. Thus, our data indicate
that the current Go Slow Fone does not provide full pro-
tection for all dugongs within this region but will mitigate
some of the potential intersctions with boaters.

Cost is a bhig factor in decision making for both scien-
tists and funding agencies. Which methodology is more
appropriate should be considered in light of the scientific
question asked ss wall as resource svailability. Cost-benefit
analysis indicated thet esch method (GPS vs acoustic) can
be justifisbly costed depending on questions and resources.
Satellite telemetry costs are largely related to equipment
or capital type expenses while scoustic telemetry costs
are dominated by the installation and maintenance of the
network resulting in higher personnel costs. Armmay costs
would of course heve been much higher if we had installad
& denser array with overlap between the ranges of individ-
ual receivers.

A large, national network of acoustic recoivers (the
Australisn Animal Tepping and Monitoring System facil-
ity of the Integrated Marine Observing Svstem) provides
& platform for the detection of acoustically tagred animals
gt & broad scals (Heupel and Simpfendorfer, 2014). This
network inclhudes receivers in an array of habitats around

Australin although there is no guarantes equipment will
be located in areas uwseful to specific study species. Satel-
lite trecking of dugongs had one distinet advwentage over
sooistic tracking; it could record locations for individuals
beyond the boundaries of the acoustic array. This =5 an
important consideration for dugongs as animals are known
to make large and meso-scale movements (Sheppard et sl
200G). For example, our GPS tracking data showed all an-
imals moved beyond the boundaries of the acoustic array
and two enimals moved over 250 km to Hervey Bay.

This raises the question about which is easier or cheaper
to cost and support: Equipment or people. The answers to
this question will vary based on lecation, agency and fund-
ing body. Disregarding costs that are common across ap-
proaches st the same location (e.g., animal capture costs),
it iz more cost-effective to use sooustic telemetry if an
arrey alrepdy exists within the focal ares and if the re-
search questions are directly related to a local study site.
If broader-scale movement questions are being asked, a
larger acoustic network would be required and satellite
telemetry would be a more cost effective option.  Costs
of both approaches also differ depending on the study site.
Working in remote locations is better suited to satellite
telemetry than acoustic telemetry, & direct result of the
differences in costs within approsches.

The suitehility of wsing acoustic and satellite track-
ing technologies with dugongs was dependent upon animal
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GPS tracking data

Figure & an-ilhsuumgthnvummmucp !O‘KKUDMNSKUDW‘UWM-MMMQGPS(HInndeolumn)
and acoustic (right hand column) ies. A) An individunl with good ngr hods where MCP, 80% KUD and
MKUDmmmmﬂuﬁuGPSmﬂmMmM B)Aum&v:dmlwnhbwwmuhadswm

50% KUD hnd ! but MCP and 95% KUD estimates waro differont in arca although locations wore consistent. C)
Comparson of daytime composite data from the 13 animals.
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size and hearing range of the species. When considering
sooustic tracking for other coastal marine mammals, the
use of acoustic transmitters makes size less criticel smaller
species could be trecked. Hearing range of the species is
important: §9 kHz is within the hearing range of many ma-
rine mammalzs, especially dolphins (Wartzok and Ketten
1909%; Ketten 2000; D). Ketten pers. comm.) and eould in-
terfere with their intra-species communications or search-
ing for pray. Hearing ranges of most pinnipeds and sea tur-
thes have maxima well less than 69 kHz, the frequency of
the acoustic transmitter and thus might be considered suoit-
shle candidates for acoustic tracking (Wartzok and Ket-
ten 190%; Ketten 2MN); D). Ketten pers. ocomm., 2014).
Tubelli ot al. (2012} predicted that the hesring renge of
the minke whale iz below 10 kHx making it another possi-
hle candidate. Dolphins, however, appesar to have hearing
ranges clearly including the 69 kHz transmitter frequency.
Therafore acowstic trecking using currently availahle tech-
nologies is unlikely to be suiteble for all marine mammal
specios.

5. Conclusion

Both GPS and scoustic technologies provided reliable
location dats for individoals for comparable periods of
time although failure of the attachment device used in this
study led to early loss of satellite transmitters in many
cases. The two technologies each have benefits and lim-
itations in the data they provide. Cost-benefit analysis
indicated that each method (GPS vs acoustic) can be ap-
propriste depending on questions and resources. The cost-
effectivencss of using acoustic rather than GPS technology
for trecking dugonps cearly depends on the research ques-
tion and the location. When the dugongs are within the
range of an acoustic amray, this research hes shown overall
pood correspondence batwesan the MCPs and KUDs of the
GPS and acoustic transmitters.

Ultimately, the cost effectivencss of the method applied
must be driven by the species and the research question.
Iesearchers should then consider what resources are on
hand. Is an existing array present or can & collaborative
arrey be established? Is the study site remote? Is staff
time limited? Does the animal exhibit stable residency?
Caraful consideration of available resources in conjunction
with the gquestion being addressed should lesd to a clear
conchsion about which of these two technologies is most
cost effective in prining a rescarch outcome.

We conclude that acoustic tracking is a potentially
valuahle and cost-effective tool for monitoring dugong habi-
tat use in environments equipped with acoustic receiver
arrays.  As dugongs are not wiklerness animals (Mearsh
et al, 2011) and ports in developed countries are increas-
ingly fitted with seoustic arreys, we conclude that soous-
tic transmitters should become the preferred methods of
trecking dugongs habitat use in the vicinity of ports be-
canse they enable more animals to be tracked for longer

and with foewer animal welfare problems than GPS trans-
mitters. We expect similar methods will work as well for
some other marine species but advise that each species
hearing and sound production ranges will need to be con-
sidered.
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6. Supplementary Material A

Table 4: Togging details for dugongs fitted with GFE and acowstic transmitters in 2012 and 2013, The number of doys ndieata total
monitoring pariod (i.e., date from fiest detection o lnst). During 2002 the neoustic array was removed for siv months from December 20120

In 2013, presence at the date of latest download & indicated by 4.

Total  Total Max
Days Diays data data distance 21 dey
Maturity S Date tracked  tracked points  points GPs analysis
Tag 11 stage!  Sex  (cm) tagred GPS  Acoustic GPS Acoustic (km) period
QAZDGD6  Adult F 312 4/9/2012 12 55 242 40 272 4/0-24,/0
QAZ0TIE  Adult M 2BE 40 /2012 5T 56 00 4 310 24/7-14/8
QA3ZDGTT  Juvenile F 216 4/9/2012 I8 iz 420 44 23 4/0-35/0
QA30541  Juvenile M 200 479 /M012 62 T3 T 123 13 7/0-25/0
QAZDTID  Adult M 208 24782012 a1 2 254 a0 154  24/814/0
QAZDETE  Juvenila F 230 4/0/2012 1] 1 8 A6 64 4/0-35 /0
QAZDTI2  Subadult M 248 24782012 3 e 310 41 7.3 24/8-13,/0
QA2GES  Subadult M 245 24782012 a 48 68 a2 30 -
QAZ0634  Juvenile F 200 4/0/2012 55 54 450 107 210 4/0-26,/0
QAZDT Subadult F 257 24/8/2012 6l a0 500 71 310 24/514/9
QA1B4D0  Adult F 200 12/7/20M3 15 263 176 18 2800 -
QAILR301%  Adult M 286 12/7/2013 It 262 14 153 (] -
QATI22%  Sybadult F o 253 &/T/2013 ;2 265 30 203 18.0 -
Moteg  Subadule M 250 &/7T/2013 1082 1 AEE 4 N0 -
QAZI400°  Subadult F 250 &/T/2013 42 266 T2 2 19.7 -
QA18309  Juvenile M 230 12/7/2013 12 140 A50 277 20.4 12/7-1,/8
QAZ3313  Subadult M 247 8/7/2013 16 40 102 41 6.1 -
Kaaz40 Adult M 207 &7 /2013 3 T4 452 75 16.0 11/7-1/8
TT1561 Adult M 2T &7 13 &0 121 554 13 3.1 8/7-20,/7
QA3315 Adult M 2L 117/7/20M3 I8 105 a1 o 1.4 11/7-1/8
QASR34Y  Adult M 22 11/7/20M3 42 255 29 497 101 -
mean 385 w072 3420 108.5 40.7
&0 26.0 046 218 115.7 871
midian 1% () an1 1 15.4

 hased on Lanyon (2003) and Burgess ot al. (2012).

?exchuded from Moreton Bay Region enalbyses due to limited GPS tracking records.

*In 2014, transmitter still active at the date of latest seoustic download.
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7. Supplementary Material B
Assumptions considered for tracking and each scenario

1. Tapping mssumptions
= 10 dugongs trackesd.
= GPS tracked animals assumed to transmit data for 3 months; aconstic-one year.
= Acoustic arrays have 30 receivers.
» Acoustic downloads every three months taking 5 days on water and requiring certified divers.
= Costs do not account for new GPS or acoustic battery chanpes (snnual expense).
= Costs assume that GPS VHF receiving equipment and programs are svailable
= Field goar not costed (safety, wetsuits, hats, ate.).
= The capital cost of the array is included ss an equipment cost only for the sites without an existing array.

2. Seopario 1 (Moreton Bay trips)
= Assume personnel are loeal [ no accommedation or travel cost.
= Amume local personnel used for acoustic dets download and array establishment.
« Catching 9 peopls (2 skippers 4+ 4 eatchers 4 1 wetorinarisn 4+ 1 data recorder 4+ 1 extra).
= L people (4 divers + 1 skipper) to set up arrey and downlosd data
= 2 vomsels for catching; one vessel to sot up errey and download data (assume JCU vessols).
= § days catching; 5 days establish arrey; 5 days download date

No plane charter.

= Armay sot up based on costs in Moreton Bay in Mey 2013 (prices snd material may vary).

3. Seonario 2 (Townsvills trips)
=« Azmume locel personnel [ no accommodation or travel cost
= Catching 9 people (2 skippers + 4 catchers + 1 weterinarisn + 1 data recorder + 1 extra)
5 people (4 divers 4+ 1 skipper) to set up arrey and download data.
2 vessels for catching;, one vessel to set up arrey and to downlosd data (sssume JOU vessels).
10 days catching; 5 days set array; 5 days download dats.
Plane charter is necessary to spot dugongs.
Array set up besed on costs in Moreton Bay in Maey 2013 (prices sand material may vary).

4. Seonario 3 (Torres Strait trips)
= Azsume personnel are from Townsville.
» Catching & people (4 catchers + 2 skippers 4 1 veterinarian + 2 rangers/locals).
= L people (4 divers + 1 skipper) to sst up arrey and downlosd data
3 vessels (1 JOU + 2 local bosts)
No in kind support from Torres Strait Regional Authority.
X days catching; 5 days set array; 5 days download dats.
Assume out of the 20 days, in the water eatching for only 10 days.
No plane charter necossary
Armay set up besed on costs in Moreton Bay in May 2013 + 10% of costs to account for more expensive
material in Torres Strait (prices and material may vary).
Assumes goar sent to Torres Strait with JCU boat to reduce freight costs.
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8. Supplementary Material C

Scenario 1 Scenario 2 Scenario 3

Acoustic
without array

Acoustic
with array

cing hed for each io: Sconario 1- easy hing and ible Jocation (o.g.,

Figure 6: Hraakd of costs sated with each
Moreton Bay); Scenario 2 - difficult hing and ible lccation (e.g.. Townsville): and Scemario 3 - dificult hing and !
(e.g., Boigu, Torres Strait). Percontages relate to overall cost: Eq: Equipment cost, Tr: Travel cost (catching only), Salary cost (eatching

only), Op: Oparations cost. Tha 3

pital coss of the armay is inchaded ns an equipment cost only for sites withowt an axisting array.
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Appendix E Location of acousticreceivers

Apx Table E.1 Location of acoustic receivers deployed in the GISERA CSIRO Gladstone Harbour receiver array.
(All receiver location and download information can be accessed at the IMOS AATAMS website
https://aatams.emii.org.au/aatams/installation/list). Receivers remain deployed at the time of writing.

Name Receiver Serial #| Lat Long Deployment Date Depth
CALPSANC 103617 -23.8511 151.2129 | 19/03/20137:47 3.2
CAL2ANC 103611 -23.8353 151.22 19/03/20138:26 2.8
CAL1ANC 121457 -23.8215 151.2181 | 19/03/20138:58 29
GH1ANC 121459 -23.811 151.2259 | 19/03/20139:30 3.9
GH2ANC 103605 -23.8139 | 151.224 19/03/201310:10 25
GH3ANC 121461 -23.805 151.2067 | 19/03/201310:54 | 4
GH4ANC 103609 -23.8116 | 151.2059 | 19/03/201311:39 | 2
GH6ANC 103608 -23.8133 151.2001 | 19/03/201312:11 25
GH5ANC 121474 -23.805 151.2013 | 19/03/201312:54
GH8ANC 121470 -23.8041 151.1922 | 19/03/201313:37 31
GH9ANC 121464 -23.8137 151.1917 | 19/03/201314:04 15
GH7ANC 103628 -23.8179 | 151.1949 | 19/03/201314:40 2.8
GH11ANC 121462 -23.8136 | 151.1834 | 19/03/201315:11 1.7
GH10ANC 109857 -23.8057 | 151.184 19/03/201315:36 25
GHC17ANC | 109860 -23.7974 | 151.1932 | 19/03/201316:04 85
GHC16ANC | 121475 -23.7979 | 151.2025 | 19/03/201316:27 9
GHO1ANC 121477 -23.8193 151.2037 | 19/03/201316:56 25
GHC14ANC | 109859 -23.8021 151.2076 | 20/03/20137:37 9
GHC18ANC | 103606 -23.7969 | 151.2178 | 20/03/20138:01 8
GHC13ANC | 121460 -23.8026 | 151.2256 | 20/03/20138:31 5.5
GHC19ANC | 121468 -23.7968 | 151.227 20/03/20139:14 8
PB2ANC 109861 -23.7874 | 151.3048 | 20/03/201311:02 | 3.2
PB1ANC 103625 -23.7871 151.2968 | 20/03/201311:40 1.4
PB5ANC 109866 -23.7807 | 151.2934 | 20/03/201312:23 | 0.7
PB6ANC 121463 -23.7778 | 151.2991 | 20/03/201313:22 | 1.5
PB9ANC 103607 -23.7737 | 151.2944 | 20/03/201313:57 1
PB10ANC 103610 -23.7721 151.303 20/03/201314:27 | 1.3
PB13ANC 121458 -23.7686 | 151.2972 | 20/03/201314:54 | 1.1
PB17ANC 121469 -23.7646 | 151.3028 | 20/03/201315:16 | 1.2
PB18ANC 103614 -23.7622 151.309 20/03/201315:32 1.3
PB21ANC 121453 -23.7596 | 151.3222 | 21/03/20137:41 5.5
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Name Receiver Serial #| Lat Long Deployment Date Depth
PB20ANC 103618 -23.7654 151.3247 | 21/03/20138:14 5
PB16ANC 121454 -23.7681 151.3202 | 21/03/20138:43 5.3
PB19ANC 121473 -23.7657 151.3144 | 21/03/20139:11 3
PB14ANC 103603 -23.7686 151.3088 | 21/03/20139:36 14
PB11ANC 121472 -23.7749 151.3094 | 21/03/201310:01 14
PB15ANC 121476 -23.7709 151.3144 | 21/03/201310:35 | 3.6
PB4ANC 103619 -23.7748 151.3214 | 21/03/201311:05 3.6
PBSANC 121456 -23.7811 151.3148 | 21/03/201311:33 4
PB12ANC 121466 -23.7857 151.3187 | 21/03/201312:00 | 1.4
PB3ANC 121455 -23.7856 151.3117 | 21/03/201312:41 | 1.8
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