Improving the time series estimates of dugong
abundance and distribution by incorporating revised
availability bias correction

Etude réalisée par Opération cétacés
Rie HAGIHARA, Christophe CLEGUER, Claire GARRIGUE

Dans le cadre du projet

Improving the time series estimates of dugong abundance and
distribution by incorporating revised availability bias correction
Rie HAGIHARA, Christophe CLEGUER, Claire GARRIGUE
Opération Cétacés, juillet 2016

Ce rapport a été financé par

Il a été élaboré dans le cadre du projet

Soutenu par :

Disclaimer
This publication is copyright and has been compiled by Rie Hagihara and Opération Cétacés.
Except as permitted by the Copyright Act 1968, no part of the work may in any form or by any
electronic, mechanical, photocopying, recording, or any other means be reproduced, stored in a
retrieval system or be broadcast or transmitted without the prior written permission of Rie Hagihara or
Opération Cétacés. The information contained herein is subject to change without notice. The
copyright owner shall not be liable for technical or other errors or omissions contained herein. The
reader/user accepts all risks and responsibility for losses, damages, costs and other consequences
resulting directly or indirectly from using this information.
Enquiries about reproduction, including downloading or printing the web version, should be directed to
Rie.Hagihara@my.jcu.edu.au
Recommended Citation: Hagihara, R., Cleguer, C. and Garrigue, C. 2016. Improving the time series
estimates of dugong abundance and distribution by incorporating revised availability bias correction.
Final Report to the Agence des Aires Marines Protégées. 41 pp.
Acknowledgements:
We thank the numerous government agencies that have funded and provided logistical support for the
aerial surveys including: ZoNeCo, AAMP, Province South, North and Iles. We especially thank Lionel
Gardes and Damien Grima from the Agence des Aires Marines Protégées (AAMP) who provided
general support and necessary information for the analysis. We would also like to thank our dedicated
aerial survey team members and pilots and dugong tagging team members. James Cook University
provided logistical support for analysis and write-up to complete this report.

1

TABLE OF CONTENT
List of Tables ................................................................................................................. 4
List of Figures ............................................................................................................... 4
Executive Summary ...................................................................................................... 6
Recommendations ........................................................................................................ 7
1.

INTRODUCTION ..................................................................................................... 8

2.

MATERIAL AND METHODS................................................................................. 10
2.1 Availability detection probability ......................................................................... 10
2.1.1 Detection Zone........................................................................................... 10
2.1.2 Proportion of time....................................................................................... 11
2.2 Aerial surveys .................................................................................................... 13
2.3 Abundance estimates ........................................................................................ 14
2.4 Temporal and spatial distribution ....................................................................... 14
2.5 Environmental effects on dugong behavior ........................................................ 15

3.

RESULTS.............................................................................................................. 16
3.1 Availability detection probability ......................................................................... 16
3.1.1 Abundance estimates................................................................................. 17
3.2 Population trends ............................................................................................... 19
3.2.1 Temporal comparison ................................................................................ 19
3.2.2 Spatial comparison .................................................................................... 21
3.3 Environmental effects on dugong behavior ........................................................ 21

4.

DISCUSSION ........................................................................................................ 23
4.1 Improved dugong abundance ............................................................................ 23
4.1.1 Comparison of Hagihara and Pollock methodologies ................................. 23
4.1.2 Availability bias estimates for variable water depths ................................... 24
4.2 Insights into the distribution and abundance of dugongs .................................... 25
4.2.1 Temporal changes across surveys ............................................................. 25
4.2.2 Relative importance of survey blocks ......................................................... 26
4.3 Limitations of the Hagihara methodology ........................................................... 27
4.4 Biological insights .............................................................................................. 28

5.

CONCLUSION ...................................................................................................... 30

6.

REFERENCES ...................................................................................................... 31

APPENDICES ............................................................................................................... 34
Appendix I – Coefficient of a Generalized Linear Mixed Model on availability bias for
each Environmental Conditions Index (ECI) estimated from Model 2. ........................... 34
Appendix II – Dugong abundance and standard error (brackets) estimated from the
Pollock methodology (Pollock et al. 2006) and the dugong abundance and coefficient of
variation (CV) from the Hagihara methodology (Hagihara et al. 2014). .......................... 35
Appendix III – Coefficients and standard errors from zero-inflated negative binomial
models using survey only as an explanatory variable in a count model and constant

2

intercept in a binomial model using A) all six surveys and B) five surveys excluding the
survey conducted in 2003.............................................................................................. 36
Appendix IV – Average transect lengths (km) of six dugong aerial surveys conducted
over blocks 1 to 4. ......................................................................................................... 37
Appendix V – Coefficients and standard errors from a zero-inflated negative binomial
model using survey and block as explanatory variables in a count model and block only
in a binomial model. ...................................................................................................... 38
Appendix VI – Model comparison based on various information criteria. The selected
model is expressed in bold. ........................................................................................... 39
Appendix VII – Estimates of coefficients and standard errors from a negative binomial
model using the number of GPS/QFP fixes. .................................................................. 40

3

LIST OF TABLES
Table 1. Estimates of Detection Zones and standard errors (± SE) for each
Environmental Conditions Index (ECI) (sensu Sobtzick et al. 2015). ...................... 10
Table 2. Details of 10 dugongs fitted with a GPS/Argos satellite unit and a TDR by
Cleguer (2015), specification of each tracking unit and tracking periods. ............... 11
Table 3. Akaike Information Criteria (AIC) of each GLMM with different combinations of
explanatory variables. Selected model is expressed in bold................................... 16
Table 4. Availability detection probability and standard error estimated from Model 1 and
2. ........................................................................................................................... 16
Table 5. Ratio of abundance estimated by the Hagihara method and the Pollock method
and coefficient of variation of each abundance estimate. ....................................... 18
Table 6. Pair-wise comparison of the number of dugongs corrected for availability and
perception bias from six aerial surveys. ................................................................. 20
Table 7. Pair-wise comparison of the number of dugongs corrected for availability and
perception bias from four blocks. ........................................................................... 21

LIST OF FIGURES
Figure 1. A map of dugong aerial survey blocks and transects flown in New Caledonia,
adapted from Cleguer (2015). ................................................................................ 13
Figure 2. Estimates of availability detection probability and standard error (vertical lines)
for various Environmental Conditions Index (ECI). Horizontal lines represent
availability estimates from Pollock et al. (2006) for optimal sea state (solid lines)
and marginal sea state (dotted lines). .................................................................... 17
Figure 3. Estimated dugong population abundances and standard errors using
availability detection probabilities from Pollock et al. (2006) (closed circles:
Pollock method) and availability detection probabilities developed for New
Caledonia in this study (open triangles: Hagihara method). ................................... 18
Figure 4. Frequency distribution of dugong groups sighted under various ECIs and water
depth categories. Notice the large proportions of dugong sightings are from ECI
3:46% in Jun 2013; 60% in Jan 2008; 41% in Jun 2011; 38% in Nov 2011; 23%
in Jun 2012; and 41% in Nov 2012. ....................................................................... 19
Figure 5. Estimated mean corrected dugong counts (squares) using availability and
perception detection probabilities and 95% confidence intervals from six aerial
surveys conducted over four blocks. Dots represent original corrected dugong
counts from each transect. The means and confidence intervals were

4

calculated using mean transect length (km) for each block. Note the largest
dugong counts from June 2011 survey which sighted a herd of 69 dugong. .......... 20
Figure 6. Estimated numbers of GPS/QFP fixes obtained under three physical and
environmental conditions (water depth: <5 m, 5 to <20 m and >20 m; tidal
conditions: flow low, flow high, ebb high and ebb low; and seagrass: no
confirmed seagrass and confirmed seagrass) and 95% confidence intervals. ........ 22

5

EXECUTIVE SUMMARY












In New Caledonia, the dugong is protected since 1963. Time-series aerial
surveys conducted since 2003 (Garrigue et al. 2008, Cleguer 2015) indicate
that a population of dugongs inhabits the lagoons of New Caledonia.
Previous studies highlighted the importance of closely monitoring dugongs in
New Caledonia in order to preserve them. Aerial surveys provide means of
monitoring population trends for the dugong.
The aims of this study were to: 1) Improve dugong population abundance
estimates using dugong satellite tracking studies conducted in New
Caledonia; and 2) Increase behavioral insights of dugongs under various
physical and environmental conditions. Three objectives of the aim 1) were
to:
 Estimate availability detection probability of dugongs in coral habitats of
New Caledonia;
 Using the availability detection probability obtained above, improve
dugong population sizes using previously completed six aerial surveys
(June 2003, January 2008, June 2011, November 2011, June 2012 and
November 2012); and
 Assess the dugong population trends over the six surveys.
Dugong tracking data collected by Cleguer (2015) were used to estimate
availability detection probability specific to the New Caledonia dugong
population. The dugong satellite tracking study employed a Global
Positioning System (GPS)/Argos transmitter and a time-depth recorder
(TDR).
Availability detection probabilities quantified from the New Caledonia
dugongs were higher than those provided by Pollock et al. (2006) who
provided average detection probabilities across water depths and used
animal tracking data collected in various parts of Australia.
The population estimates obtained using the Hagihara method were
consistently lower in all six surveys than those obtained by Garrigue et al.
(2008) and Cleguer (2015) who used the Pollock method.
The main advantage of the Hagihara method over the Pollock method was
the improvement of accuracy in the population abundance estimates.
However neither the Hagihara population estimates nor the Pollock’s ones
should be regarded as absolute estimates. The precision of the estimates
was very similar using the two methodologies.
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No apparent temporal changes in the number of dugongs corrected from
availability and perception bias were observed, supporting the findings from
Garrigue et al. (2003) and Cleguer (2015). However seasonal difference in
dugong counts was observed. We hypothesize that this difference may be
due to variation in availability of dugongs for detection between seasons or
tidal conditions.
Blocks 2 and 3 had significantly higher corrected number of dugongs than
block 1 or 4.
Satellite tracked dugongs spent more time near the surface during night-time
hours (0000-0800h and 1600-0000h) than daylight hours (0800-1600h), the
period when aerial surveys are conducted.
The dugongs were more frequent in shallow waters during incoming tides,
and dugongs were more frequent over seagrass meadows at high tides.
These results suggest that the dugongs use tidal cues to change behaviours;
the animals move into shallow areas during increasing tides and remain over
seagrass meadows during high tides to maximise the time spent on feeding.

RECOMMENDATIONS


Current Marine Protected Area (MPA) regime in New Caledonia could be
improved by enhancing the protection especially over blocks 2 and 3 which
have the highest dugong density. Cleguer et al. (2015) provide detailed
guidance to discussions among various interest groups for the re-forming of
current MPAs to provide further protections on dugongs.



Boaters in shallow waters especially during flow and high tides over seagrass
are recommended to be cautious for dugongs to avoid contacts.
Additional dugong tracking studies especially during the winter season would
be valuable to test if the seasonal difference in the corrected number of
dugongs was in part due to variable availability of dugongs between seasons.
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1.

INTRODUCTION

The dugong (Dugong dugon) is a species of high conservation value, which
occurs over at least 48 countries in the tropical and subtropical Indo-West Pacific
Ocean from East Africa to the Solomon Islands and Vanuatu (Marsh et al. 2011).
The dugong has high evolutionary value as the only extant herbivorous mammal
that is strictly marine, the only extant species in the family Dugongidae and one
of two extant families in the order Sirenia. The dugong number is believed to
have declined throughout most of its range (Marsh et al. 2011). Globally IUCN
lists the species as vulnerable (IUCN 2015).
Listing of lagoonal ecosystem in the World Heritage endorses the globally
important dugong populations in New Caledonia (UNESCO 2009). The dugong is
a patrimonial species which plays an important cultural role in customary feasts
such as weddings and funerals of a chief in the archipelago. Nationally, the
species is protected in New Caledonia since 1963 (Resolution 68 dated 25 June
1963), and two of the three Provinces established local protection in 2001 (North
Province) and 2004 (South Province) (Garrigue et al. 2008).
New Caledonia supports one of the eastern most and the largest dugong
population in Melanesia (Garrigue et al 2008, Marsh et al. 2011, Cleguer 2015).
The status of dugong population in New Caledonia has been assessed using the
standardized dugong aerial survey design used in Australia (Marsh and Sinclair
1989b, Marsh and Saalfeld 1990, Pollock et al. 2006). In New Caledonia, six
surveys have been conducted so far. The single baseline survey conducted in
2003 estimated a population of 2026 (± SE = 553) individuals. The second
survey in 2008 produced a lower estimate of 606 (± SE = 200) individuals,
leading to concerns that the dugong population was declining. Thus, four
additional surveys were conducted in winter and summer of 2011 and 2012 with
the objectives of updating information on the current size of the dugong
population in the region and investigating evidence of decline in the population.
The abundance estimates obtained from these last four surveys ranged from 649
(± SE = 195) to 1227 (± SE = 296) dugongs, showing that the estimated dugong
population size appear to be stable after 2008.
The dugong aerial survey methodology employed in New Caledonia accounts
for animals that are unavailable for detection due to environmental conditions and
animal traits (e.g., body color, group size, diving behavior) (sensu Marsh and
Sinclair 1989b, Pollock et al. 2006, Hagihara et al. 2014). This type of bias is
coined as availability bias by Marsh and Sinclair (1989b). Perception bias which
originates from aerial observers missing an animal available for detection
(observer bias) is not quantified for each survey in New Caledonia and constant
perception bias estimates are used when estimating abundance. Nonetheless,
corrections of these two types of bias (availability and perception) are essential
for obtaining better population size estimates, as imperfect detection of animals
8

often causes a population size to be underestimated (Buckland and Turnock
1992, Laake et al. 1997).
Pollock et al. (2006) accounted dugongs that are unavailable for detection
due to sea state, turbidity and dugong diving and surfacing patterns, but
assumed dugongs’ availability is constant across water depths. Using data
collected from satellite tracked dugongs in southern Great Barrier Reef, Australia,
Hagihara et al. (2014) found that dugongs’ availability for detection varies with
water depths, in addition to sea state and turbidity. The authors found the
dugongs were least available for detection in water 5 to 25 m deep. Dugong
tracking study recently completed in Torres Strait also showed similarly low
availability of dugongs in these water depths (Hagihara et al. 2016).
The observed high dugong abundance estimates from the 2003 survey in
New Caledonia compared to the subsequent surveys are likely to be the product
of, in part, the confounding effects of variation in environmental conditions,
animal behavior and sampling biases. The animal behavior (therefore their
availability) may also differ in location. Cleguer (2015) collected fine-spatial and
temporal scale behavioral data of dugongs in coral dominated habitats using
Global Positioning System (GPS) satellite tracking technology and a time-depth
recorder (TDR). This set of information allowed us to quantify availability bias of
dugongs specific to New Caledonia and assess the observed difference in
dugong abundance estimates in 2003 is due in part to 1) the use of average
availability bias across water depth and 2) also dugongs studied in various parts
of Australia (Pollock et al. 2006, Chilvers et al. 2004).
Thus two aims of this study were to:
1) Improve dugong population abundance estimates using satellite tracking
studies conducted in New Caledonia; and
2) Increase behavioral insights of dugongs under various environmental
conditions.
Three objectives of aim 1) were to:





Estimate availability detection probability of dugongs in coral habitats
of New Caledonia;
Using this estimated detection probability obtained above, improve
dugong population sizes using previously completed aerial surveys (six
surveys: June 2003, January 2008, June 2011, November 2011, June
2012 and November 2012); and
Assess the dugong population trends over the six aerial surveys.
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2. MATERIAL AND METHODS
2.1

Availability detection probability

2.1.1 Detection Zone
The estimates of availability detection probability require two pieces of
information: 1) the estimates of Detection Zones (i.e. the zone in which dugongs
can be detected by aerial observers) and 2) the proportion of time dugongs are
present in those Detection Zones. To estimate Detection Zones which varied
under different environmental conditions, Sobtzick et al. (2015) repeated an
experiment conducted by Pollock et al. (2006) by using Dugong Secchi Disks,
two-dimensional dugong replicas. Because Sobtzick et al. (2015) provide the
better estimates of Detection Zones compared to those from Pollock et al. (2006),
we used the Sobtzick’s estimates in this study. Details of the experiment is
described in Sobtzick et al. (2015).
Sobtzick et al. (2015) also re-formed how environmental conditions affecting
dugongs’ detectability and used Environmental Conditions Index (ECI), a
composite index that includes environmental conditions especially turbidity and
sea state. The estimates of Detection Zones for each ECI and their respective
visibility conditions are provided in Table 1 (sensu Sobtzock et al. 2015). In
contrast, Pollock et al. (2006) estimated availability detection probability for three
classes of water turbidity and two sea states (optimal: Beaufort Sea State <2;
and marginal: Beaufort Sea State >2).
Table 1.
Estimates of Detection Zones and standard errors (± SE) for each
Environmental Conditions Index (ECI) (sensu Sobtzick et al. 2015).
Environmental
Conditions Index
(ECI)

In-water
visibility

Depth
range

Average
Secchi Disk
depth (m) ±
SE

Detection
Zone (m)

1

Clear

Shallow

n/a

all

2

Variable

Variable

2.07 ± 0.50

0 to 2.0

3

Clear

Deep

3.45 ± 0.59

0 to 3.5

4

Turbid

Variable

1.59 ± 0.70

0 to 1.5

n/a: Sobtzick et al. (2015) did not conduct their Secchi Disk experiment for Environmental
Conditions Index 1 because all animals were assumed to be available for detection under that
condition.

This table must be understand as follow: for example in Environmental
Conditions Index 2, the clarity of the water is variable, the depth is variable and
the dugong Secchi disk is visible at an average depth of 2.07 ± 0.50 m. It was
therefore considered that under such conditions, a dugong could be detected in a
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Detection Zone comprised between 0 and 2.0 m deep from the surface. In other
words, if a dugong was in deeper than 2 m, the animal will not be detected.
2.1.2 Proportion of time
Animal tracking
The proportion of time dugongs spent in each Detection Zone was estimated
from nine dugongs, each fitted with a GEN4 Global Positioning System
(GPS)/Argos Systems unit (Telonics Inc., Mesa, Arizona, USA) and an archival
time-depth recorder (TDR) Mk9 (Wildlife Computers Woodinville, WA, USA) in
2013 and 2014 by Cleguer (2015) (Table 2). Ten dugongs were originally
equipped with such materials but a TDR was not recovered from one dugong
(ID3). A GPS unit was attached to a dugong via a 3-m tether with a belt that
wrapped around a dugong’s peduncle, a technique widely used in Australia
(Marsh and Rathbun 1990, Sheppard et al. 2006, Gredzens et al. 2014, Zeh et al.
2015). A TDR was fitted very close to the peduncle. Procedures of capture,
handling and attachment of tracking units followed Sheppard et al. (2006) and
are described in Cleguer (2015).
Transmission interval of a GPS/Argos unit was set as 1 h, and a TDR was set
to record depths every 2 sec. The TDR also recorded temperature and light
levels. Table 2 summarizes details of animals and specification of tracking units.
Duration of data collected from the nine animals ranged from 3 to 192 days.
Table 2.
Details of 10 dugongs fitted with a GPS/Argos satellite unit and a TDR by
Cleguer (2015), specification of each tracking unit and tracking periods.
ID

Sex

Satellite
transmission
interval (h)

TDR
recording
interval (sec)

TDR
Resolution
(m)

Deployment period

1

male

1

2

0.5

24/09/2013-26/09/2013

2

female

1

2

0.5

27/09/2013-9/10/2013

3*

female

1

2

0.5

28/09/2013-8/11/2013

4

female

1

2

0.5

1/10/2013-12/10/2013

5

female

1

2

0.5

2/10/2013-8/10/2013

6

female

1

2

0.5

3/10/2013-21/10/2013

7

male

1

2

0.5

3/10/2013-18/10/2013

8

male

1

2

0.5

3/10/2013-17/12/2013

9

female

1

2

0.5

3/10/2013-7/10/2013

10

male

1

2

0.5

4/10/2013-13/04/2014

*The TDR attached to this dugong was not retrieved
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Data processing
Satellite location data were retrieved from the Argos web site and decoded
using Telonics Data Converter (Telonics Inc., Mesa, Arizona, USA). We selected
location data with higher quality indicators: GPS fixes (± 2 to <10 m) and
resolved Quick Fix Pseudoranging (QFP) fixes (± <75 m). Detailed data
processing is summarized in Hagihara et al. (2014). The depth records collected
from each TDR was decoded in Hex Decode (Wildlife Computers, WA, USA).
To estimate the proportion of time dugongs spent in various Detection Zones,
animal location data and dive records were combined using information on time
and date in DepthMatcher (R. Jones 2013; Hagihara et al. 2011). This custom
software calibrated surface for every 15 min duration and removed spikes (i.e.,
biologically implausible changes in depths in short period of time; Hagihara et al.
2011). Dive records within 10 min of each satellite fix were extracted and were
associated with information on bathymetry in ArcGIS (ver 10.2.1, ESRI). Water
depth at particular time and location of each satellite fix was then calculated
using tidal records (SHOM 2016) and Mean Sea Level (MSL) in Excel. Tidal
records and MSLs were obtained from three locations (Noumea, Bourail and
Foué).
Assigning one estimate of water depth for each 10-min depth records meant
that the water depth was assumed to be constant for that 10-min block.
Statistical analysis
Availability detection probabilities for each Environmental Conditions Index
(ECI) was estimated using Generalized Linear Mixed Models (GLMMs) assuming
a binomial distribution (Hagihara et al. 2014). The response variable was the
presence and absence of dugongs in each Detection Zone. Water depth and time
of day were the two explanatory variables. Water depth had three depth
categories: <5 m deep, 5 to <20 m deep and water >20 m deep. These
categories were chosen by examining the data. Time of day was divided into
three equal periods: 0000-0800h, 0800-1600h and 1600-0000h. These time
blocks were chosen as aerial surveys are conducted during daylight hours
between 0800-1600h. Individual animal was treated as a random factor in the
statistical models. The availability estimates from daylight hours (0800-1600h)
were used in abundance estimation because the aerial survey were conducted
during this period of time. To account for autocorrelation in a series of dive
records collected at 2-sec interval, a set of depth records collected around a
GPS/QFP fix (normally 300 depth points) was treated as one sample.
Standard errors of the availability detection probabilities were estimated using
the delta method, which approximates the variance on the probability scale
(Oehlert 1992), as done in Hagihara et al. (2014). GLMMs were performed using
lme4 (lme4_1.1-8, Bates et al. 2015) in R 3.1.3 (R Development Core Team
2015). The standard error estimates of the estimated availability detection
12

probabilities were used to estimate standard errors of population abundance
estimates following (Pollock et al. 2006) (described in Section 2.3).

2.2

Aerial surveys

We used the aerial survey data collected in June 2003, January 2008, June
2011, November 2011, June 2012 and November 2012 in New Caledonia by
Garrigue et al. (2008) and Cleguer (2015). Figure 1 shows the survey blocks and
transects. The dugong aerial survey methodology used in New Caledonia
followed Marsh and Sinclair (1989a, b) and Pollock et al. (2006). A single engine
Cessna aircraft flew at ground speed of ca. 100 knots at a height of ca. 900 feet
(≈ 274 m) above sea level. Transect widths extending to 400 m on either side of
the aircraft were delineated with fiberglass rods attached to the side of aircraft
structure (Cleguer 2015).
One observer each was seated on port and starboard side of the aircraft, and
a survey leader sat in the front seat next to the pilot. The two observers recorded
sea state, turbidity and glare of an animal group and were also logged into an
audio-recorder. Details of survey design is described in Garrigue et al. (2008)
and Cleguer (2015).

Figure 1. A map of dugong aerial survey blocks and transects flown in New Caledonia,
adapted from Cleguer (2015).
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2.3

Abundance estimates

Dugong population abundance in New Caledonia is estimated using the
Horvitz-Thompson population estimator ( ; Horvitz and Thompson 1952), as
done in Pollock et al. (2006). For dugong aerial surveys, the estimator is
composed of three components as below (sensu Pollock et al. 2006): 1)
proportions of sampling area, 2) availability detection probability and 3)
perception detection probability.
n

ˆ 
ˆj ]
N
[1/p
j1

where
is the estimated number of dugongs for a survey block and
calculated as:

 

j = pb

aj

j

is

dj

where pj is the probability of detection for animal j, pb is the probability of
sampling a transect strip in block b which is the proportion of the area sampled in
that block, paj is the probability that an animal was available for detection and pdj
is the probability that the individual was detected given it is available for
detection. For dugongs in New Caledonia, Garrigue et al. (2008) and Cleguer
(2015) used constant perception detection probability of 0.72 (SE 0.0159) for
both port and starboard observers as it was logistically impossible to evaluate
them in New Caledonia. This number was also used in the present study.
An estimate of dugong abundance was obtained for each block where at least
five dugong groups were sighted. The abundance is presented with ± standard
error. Following Pollock et al. (2006), standard errors of the estimated population
abundance were generated in Python (version 2.7.6) using a Monte Carlo
simulation method with 1,000 iterations. All dugongs sighted in a herd of >10
animals were assumed to be counted and bias corrections were not applied to
the numbers of dugongs sighted in a herd.

2.4

Temporal and spatial distribution

Temporal and spatial variation of the number of dugongs sighted in the six
surveys conducted in New Caledonia was examined using a zero-inflated
negative binomial (ZINB) model (Lambert 1992). This type of analysis was most
appropriate for data containing a large number of transects (73%) with zero
dugong counts. Exploratory analyses using a saturated model (survey, block and
the interaction of survey and block in both count and zero components) showed
that a ZINB model provided the best fit among the four models examined
(Poisson, negative binomial, zero-inflated Poisson and ZINB). These models
were compared using Akaike Information Criterion (AIC). The saturated ZINB
14

was reduced until the smallest AIC was found (Table 3). The response variable
was the number of dugongs per transect corrected for availability and perception
bias. The log transformed transect length (km) was used as an offset in the count
component.
To examine specifically population trends, additional ZINB models were
examined using the survey variable only. The response variable was again the
number of dugongs per transect corrected for availability and perception bias. As
the abundance estimated from the 2003 survey might have been an anomaly,
two ZINB models were performed: 1) with all six surveys; and 2) with five surveys
excluding the survey conducted in 2003. The statistical analysis was performed
using pscl (ver.1.4.8, Jackman 2015) in R (ver.3.1.3, R Core Team 2015).

2.5

Environmental effects on dugong behavior

Behavioral patterns of dugongs were examined using the number of
GPS/QFP fixes obtained under various physical and environmental conditions.
The conditions we examined were 1) water depth (<5 m, 5 to <20 m, >20 m), 2)
time of day (0000-0800h, 0800-1600h and 1600-0000h), 3) tidal condition (flow
low tides, flow high tides, ebb high tides and ebb low tides) and 4) seagrass
presence or absence. The seagrass presence was determined from a seagrass
spatial model which covered mostly in water <5 m due to the limitation in remote
sensing technology used to generate the seagrass spatial model. Seagrasses in
deeper water may be present but the satellite imageries cannot capture their
existence. The number of GPS/QFP fixes were examined under GLMM
framework. The exploratory analysis based on over-dispersion statistics indicated
a negative binomial distribution provided a superior fit than the model with a
poisson distribution. Model selection was performed based on AIC and likelihood
ratio tests. Individual animal was treated as a random variable. The statistical
analysis was performed using glmmADMB (ver.0.80., Skaug et al. 2014) in R (R
Core Team 2015).
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3. RESULTS
3.1

Availability detection probability

A Generalized Linear Mixed Models (GLMMs) using a time variable only was
the best model for all ECIs based on the comparison of AICs (Model 1 in Table
3). However, difference in AICs between a model with a time variable only (Model
1 in Table 3) and time and depth variables (Model 2 in Table 3) was ca. 2 (often
referred as delta AIC), which is the threshold used to identify an optimal model
(e.g., Arnold 2010). Availability detection probabilities estimated from the best
two models (Models 1 and 2) are given in Table 4. For all ECIs, the availability
estimates from Model 1 were very similar to the ones from Model 2 for water <20
m deep but larger differences were found in water >20 m deep (Table 4). We
selected availability estimates from Model 2 (Appendix I) for two reasons. First
although only a few GPS/QFP fixes (0.6%) were obtained from water >20 m
deep, the dugongs’ availability in the deepest water depths may be real.
Secondly if this was true, choosing Model 1 may will lead to over-estimation of
dugong abundance when a large number of dugongs was sighted in this water
depth category. Such case was not found in all six surveys conducted previously
but is possible in future surveys.
Table 3.
Akaike Information Criteria (AIC) of each GLMM with different
combinations of explanatory variables. Selected model is expressed in bold.
Model
1
2
3
4

Table 4.
Model

Explanatory variables

AIC
ECI 2

ECI 3

ECI 4

Time
time, depth

480.4
482.8

421.8
423.4

460.2
462.8

Depth

618.3

524.6

582.4

426.2

466.7

time, depth, time x depth
nr*
*nr:not run – a model did not converge

Availability detection probability and standard error estimated from Model
1 and 2.
Depth
category

ECI 2
Availability
probability

SE

ECI 3
Availability
probability

SE

ECI 4
Availability
probability

SE

1

across

0.580

0.147

0.834

0.221

0.398

0.102

2

<5 m

0.583

0.147

0.838

0.220

0.398

0.102

5 to <20 m

0.560

0.149

0.804

0.220

0.396

0.104

>20 m

0.740

0.199

0.853

0.223

0.661

0.209
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Availability detection probabilities for ECI 3 from this study were higher than
those from Pollock et al. (2006) for all water depth categories and both optimal
and marginal sea states (Figure 2). Availability detection probabilities for ECI 2
from this study were slightly lower than the estimates from Pollock et al. (2006)
for water depth <5 and 5 to <20 m deep and optimal sea state, but the estimate
for water >20 m deep in this study was slightly higher than the Pollock’s estimate
(2006) for both optimal and marginal sea states. For ECI 4, the availability
estimates were the lowest among the three ECIs and were slightly lower than
those from Pollock et al. (2006) for water depth <20 m deep but higher in water
exceeding 20 m deep. In all ECIs, the deepest water depth categories had the
highest availability estimates within each ECI.

Figure 2. Estimates of availability detection probability and standard error (vertical
lines) for various Environmental Conditions Index (ECI). Horizontal lines represent
availability estimates from Pollock et al. (2006) for optimal sea state (solid lines) and
marginal sea state (dotted lines).

3.1.1 Abundance estimates
Estimated dugong abundance using the new availability detection
probabilities obtained from dugongs tracked in New Caledonia calculated in this
study varied from 426 to 1588 dugongs, with the highest number observed in
June 2003 (Figure 3, Appendix II). The abundance estimated from Pollock
methodology (Pollock et al. 2006) for the June 2003 survey also showed the
highest abundance. The Hagihara method consistently gave smaller abundance
estimates than the Pollock method, and the abundance estimates from the
Hagihara method were 70 to 95% of those from Pollock method (Table 5).
However coefficient of variation, which is an indicator of precision, was very
similar between the two methodologies. Frequency distribution of dugong
sightings from various ECIs and water depth categories is given in Figure 4.
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Figure 3. Estimated dugong population abundances and standard errors using
availability detection probabilities from Pollock et al. (2006) (closed circles: Pollock
method) and availability detection probabilities developed for New Caledonia in this
study (open triangles: Hagihara method).

Table 5.

Ratio of abundance estimated by the Hagihara method and the Pollock
method and coefficient of variation of each abundance estimate.

Survey

Ratio*

Coefficient of variation
Pollock

Hagihara

Jun 2003

0.78

0.27

0.26

Jan 2008

0.70

0.33

0.31

Jun 2011

0.81

0.23

0.24

Nov 2011

0.84

0.30

0.29

Jun 2012

0.95

0.24

0.25

Nov 2012
0.88
0.26
0.27
*Ratio is calculated as an abundance estimate from the Hagihara method divided by an estimate
from the Pollock method
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Figure 4. Frequency distribution of dugong groups sighted under various ECIs and
water depth categories. Notice the large proportions of dugong sightings are from ECI
3:46% in Jun 2013; 60% in Jan 2008; 41% in Jun 2011; 38% in Nov 2011; 23% in Jun
2012; and 41% in Nov 2012.

3.2

Population trends

3.2.1 Temporal comparison
When only the survey effect was examined, the number of dugongs corrected
for availability and perception bias per km of transect length from the Jun 2003
survey was the highest and was significantly higher than any other surveys
except Jun 2011 and Jun 2012 (Figure 5, Table 6 and Appendix III). However the
numbers in Nov 2011, which is the survey with the lowest corrected number of
dugongs, was not significantly different from Jan 2008 or Nov 2012. Even when
the Jun 2003 survey was removed, results were similar – Jun 2011 and Jun 2012
(i.e. winter surveys) were similarly significantly higher than Nov 2011 and Nov
2012 (i.e. summer surveys).
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Figure 5. Estimated mean corrected dugong counts (squares) using availability and
perception detection probabilities and 95% confidence intervals from six aerial surveys
conducted over four blocks. Dots represent original corrected dugong counts from each
transect. The means and confidence intervals were calculated using mean transect
length (km) for each block. Note the largest dugong counts from June 2011 survey which
sighted a herd of 69 dugong.
Table 6.

Pair-wise comparison of the number of dugongs corrected for availability
and perception bias from six aerial surveys.
Jun 2003

Jun 2003

Jan 2008

Jun 2011

Nov 2011

Jun 2012

Nov 2012

↓**

ns

↓***

ns

↓**

↑**

ns

ns

ns

↓***

ns

↓*

↑*

ns

Jan 2008

↑**

Jun 2011

ns

↓**

Nov 2011

↑***

ns

Jun 2012

ns

ns

Nov 2012

↑**

ns

↑***
↓*
↑*

ns

ns
ns

*<0.05;**<0.01;***<0.001, ns: no significant difference between the two surveys
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Interpretation of the table – Jun 2003 had significantly higher corrected
dugong counts than Jan 2008, Nov 2011 or Nov 2012 per km of transect length.
3.2.2 Spatial comparison
Blocks 2 and 3 (see block locations in Figure 1) had significantly more
adjusted dugong counts per km of transect length than blocks 1 or 4, but there
was no difference between blocks 2 and 3 or between blocks 1 and 4 (Table 7).
This means that the blocks 2 and 3 showed the highest density of dugong. Note
that the highest density was observed in block 2, but the final dugong population
abundance in this block was not the highest as transect lengths of this block was
the shortest (Appendix IV).
When survey and block variables were examined, interaction of the two
variables did not improve the model fit, indicating the distribution of dugong
sightings in four blocks did not vary across six surveys. Coefficients of a model
with survey and block variables are given in Appendix V.
Table 7.

Pair-wise comparison of the number of dugongs corrected for availability
and perception bias from four blocks.
Block

1

1

2

3

4

↑***

↑**

ns

ns

↓***

2

↓***

3

↓**

ns

4

ns

↑***

↓**
↑**

*<0.05;**<0.01;***<0.001, ns: no significant difference between the two blocks

Interpretation of the table – block 1 had significantly lower corrected dugong
counts than block 2 or 3, per km of transect length.

3.3

Environmental effects on dugong behavior

The number of GPS/QFP fixes differed significantly with water depth, tidal
conditions and presence of seagrass, but there was no temporal variation
(Appendix VI). More GPS/QFP fixes were obtained from the shallowest water
depth category (Figure 6), and the number generally decreased as water depth
increased. The number of satellite fixes was larger during flow tides (flow low and
flow high) compared to ebb tides (ebb high and ebb low) in all water depth
categories in places where no information on seagrass was available (Figure 6,
left). However in the locations we know that seagrass was present, dugongs
were more frequent over seagrass during high tides (both flow high and ebb high)
than low tides (both flow low and ebb low; Figure 6, right). The large 95%
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confidence intervals in water exceeding 20 m deep over seagrass meadows was
due to a single GPS fix obtained in this water depth.

Figure 6. Estimated numbers of GPS/QFP fixes obtained under three physical and
environmental conditions (water depth: <5 m, 5 to <20 m and >20 m; tidal conditions:
flow low, flow high, ebb high and ebb low; and seagrass: no confirmed seagrass and
confirmed seagrass) and 95% confidence intervals.
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4. DISCUSSION
4.1

Improved dugong abundance

4.1.1 Comparison of Hagihara and Pollock methodologies
We improved the estimates of dugong population abundance using availability
detection probabilities for different water depth categories using data collected
from dugongs tracked in New Caledonia. Abundance sizes estimated from the
Hagihara method using variable availability detection probabilities with water
depths were 70 to 95% of the abundance estimates obtained using the Pollock
method (Pollock et al. 2006, Cleguer 2015). Such difference originated from large
proportions of dugong groups sighted under Environmental Conditions Index
(ECI) 3 (46% in Jun2013, 60% in Jan2008, 41% in Jun2011, 38% in Nov2011,
23% in Jun2012 and 41% in Nov2012; Figure 3). Availability estimates from all
depth categories for ECI 3 were higher than the estimates from the Pollock
method, leading to smaller dugong population size estimates. Nonetheless
coefficient of variation of abundance estimates from both methodologies was
very similar in all six surveys (Table 5), indicating the precision of the abundance
estimates was not compromised while their accuracies should be improved.
Availability detection probability was obtained based on two pieces of
information: 1) the estimates of Detection Zones; and 2) the proportion of time
dugongs spent in each Detection Zone. In this study, we improved both of these
components. We used the Detection Zone re-estimated by Sobtzick et al. (2015)
who repeated Dugong Secchi disk experiment. The re-estimated Detection Zone
for ECI 3 was slightly shallower (0 to 3.5 m from the surface) than the Detection
Zone estimated by Pollock et al. (2006) (0 to 4 m) for optimal sea state. This
difference lead to higher availability bias estimates obtained in this study for all
water depth categories than the estimate from Pollock et al. (2006) (Figure 2).
We believe the Detection Zone estimates of Sobtzick et al. (2015) are the
improvements over the estimates from Pollock et al. (2006). The proportion of
time dugongs spent in each Detection Zone was also improved by using dugong
satellite data collected from dugongs in lagoonal habitats of New Caledonia, very
different from the environment encountered by dugongs tagged in southern Great
Barrier Reef, Australia. Sobtzick et al. (2015) also re-defined environmental
conditions that affect dugongs’ availability for detection to ECI, which is a
composite index from various environmental conditions especially turbidity and
sea state. The use of this index simplified the estimation procedure but allowed
an important factor (water depth) to be included in the estimation methodology
without overly complicating the estimation methodology.
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4.1.2 Availability bias estimates for variable water depths
The effect of water depth on availability for detection was weak in dugongs
tracked in New Caledonia as we saw in Table 3, however we still estimated
availability bias specific to each water depth category. The weak water depth
effect may be because 1) there was actually no water depth effect or 2) the effect
of water depth was real, but the deepest water depth category had only a few
GPS/QFP fixes (0.6%) and the small dataset reflected in the statistical outputs.
We have no information to support the case 1. Thus we used availability bias
estimated for each water depth categories to avoid the risk of overestimation.
Such case will lead to more serious consequences and should be avoided. For
instance, an overestimation may fail to detect a population decline, which will
lead to local population extinction before appropriate management plans are
developed. Although the number of dugong sighted in water exceeding 20 m
deep was small in all six surveys, the distribution of dugongs may shift in future
surveys, especially at the time of local seagrass loss (more details are discussed
in the following section 4.2.1).
When we considered no water depth effect on dugongs’ availability, difference
in the final population size estimates using variable and constant availability bias
across water depths was very small in all surveys (unpublished data). This is
because only a small proportion of dugong groups was sighted in the deepest
water depths (20% in Jun2003, 30% in Jan 2008, 16% in Jun2011, 11% in
Nov2011, 17% in Jun2012 and 8% in Nov2012).
We believe the reason why fewer GPS/QFP fixes obtained in deep waters
was not due to the limitation of satellite transmitters but because dugongs rarely
use these deep waters. The number of GPS/QFP fixes did not differ among three
time blocks (0000-0800h, 0800-1600h and 1600-0000h) we examined. The equal
representation of fixes throughout a day indicates behavioral states (e.g.,
swimming, resting, etc.) had little effect on the likelihood of generating location
fixes (Hagihara et al. 2014, unpublished data). Thus the number of fixes actually
represent spatial use of dugongs. In addition, the GPS/Argos transmitters used
by Cleguer (2015) provided both GPS and QFP fixes. For a GPS fix to be
generated, the transmitter needs to be at the surface for >30 sec. However QFP
fixes are post-processed and require only ca. 5 sec of surfacing time. This new
technology resulted in no diel effect on the number of GPS/QFP fixes. Diel effect
was observed in the study of Sheppard et al. (2006) who used previous
generation of GPS/Argos transmitters which did not provide QFP fixes (also
discussed in Section 4.4). Nonetheless, more tracking studies is valuable. These
studies should be conducted in various environments in the lagoons of New
Caledonia that are representative of aerial survey habitats as for example in the
vicinity of Noumea.
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4.2

Insights into the distribution and abundance of dugongs

4.2.1 Temporal changes across surveys
Despite the likely changes of dugong numbers between seasons, the
numbers were relatively constant over the six aerial surveys. A significant
difference in the dugong numbers was observed between Jun 2003 which had
the highest corrected number of dugongs and Jan 2008, Nov 2011 or Nov 2012
but no significant difference was found between Jun 2003 and Jun 2011 or Jun
2012. The numbers in Jun 2011 were also significantly higher than those from
Jan 2008, Nov 2011 or Nov 2012. These results show that the summer surveys
(Nov and Jan) had lower dugong numbers than winter surveys (Jun).
There are three possible explanations for this apparent seasonal variation: 1)
dugongs relocated during summer to the area outside of survey area; 2)
availability of dugongs for detection is lower in summer than in winter; and 3) tidal
effects on the dugong availability. The first possibility is less likely as aerial
survey transects in New Caledonia are laid out to the 500 m depth counter or 1
NM outside of the barrier reef (Cleguer 2015). Based on previous aerial surveys,
we know that these surveys encompass a wider area than the usual dugong
distribution area. In addition, the survey transects are situated all around the
archipelago. Thus animals moving out of their normal habitat ranges would be
captured on other transects or in other blocks. Furthermore, genetic analysis
indicated the New Caledonia dugong population is isolated at least from the
Australian dugong stocks (Oremus et al. 2011, 2015), implying the emigration to
Australian waters is very unlikely. However, no study has examined the mixing of
the New Caledonian dugong population with the one from Vanuatu. Yet such
relocation to Vanuatu waters is also less likely because the consistently low
numbers of dugongs have been sighted in the eastern New Caledonia. In
Australia, local seagrass loss triggers dugongs moving out of their normal
habitats in Hervey Bay (Preen and Marsh 1995, Sobtzick et al. 2014). However a
large-scale seagrass loss in New Caledonia has never been reported.
Dugongs’ availability may vary in season, and we postulate the availability of
dugongs is higher in winter. This higher availability in winter might have resulted
in higher dugong counts (thus higher population abundance estimates) in winter
surveys. If this is the case the winter estimates are actually overestimates
because we used the availability detection probabilities calculated based on data
collected from dugongs tracked in New Caledonia during summer. During winter
surveys, dugongs are frequently sighted in deep channels (Cleguer 2015). They
could be seeking thermal refuge in channels and on the fore reef shelf outside
the barrier reef. It is possible the dugongs in winter are less active and spend
more time at the surface, leading to higher availability for detection.
Reynolds and Wilcox (1986) found the largest manatee counts of the Florida
manatees (Trichechus manatus latirostris) during population census, which was
conducted after cold fronts hit the area. The manatees were seen easily as they
surface-rested in warm water refuges. The authors suggested the manatees
were in attempt to absorb solar radiation to counter the effects of cold fronts
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encountered in the previous month (Reynold and Wilcox 1986). Population
surveys for manatees are conducted in winter especially around areas with warm
water refuges (e.g., near power plants and spring) in an effort to capture more
animals (Laist and Reynolds 2006). However, contrasting case was reported by
Lanyon et al. (2003) who surveyed dugongs in Moreton Bay, southern Australia.
The authors observed higher counts in summer surveys which is not in
agreement with our findings.
Another possible explanation of higher dugong counts especially in Jun 2003
and Jun 2011 is the tidal effect on dugongs’ availability. Tidal conditions were
reported to affect dugongs’ horizontal spatial movement in southern Australia
(Sheppard et al. 2006). Anecdotal evidence from aerial surveys also indicated
more dugongs were sighted near shore at high tides than low tides. Based on the
tidal conditions encountered during the six aerial surveys, more survey flights in
Jun 2003 and Jun 2011 were flown during high tides than low tides. However, in
Jan 2008 which showed significantly lower dugong counts, a similarly large
number of transects were flown during high tides. In addition, Block 1 which had
high dugong counts covers deep waters (ca. >10 m) and tidal effects on use of
space by dugongs in these deep waters should be minimal. Hagihara et al.
(2014) found no tidal effect on dugongs’ vertical movement (therefore dugong’s
availability). Similar study on dugongs in New Caledonia may bring explanation. If
similar results (no tidal effects on vertical movement of dugongs) as Hagihara et
al. (2014) reported were drawn in New Caledonia, such case would emphasize
the importance of horizontal spatial corrections (variable availability estimates
across water depths) for obtaining better population abundance estimates.
Regardless of tidal conditions, dugongs detected in various water depths are
corrected using the appropriate availability detection probability for a particular
water depth. Nonetheless, studies on tidal and seasonal effects on availability
bias are valuable to clarify the observed difference in dugong numbers between
summer and winter surveys.
Cleguer (2015) found no seasonal effect on corrected number of dugongs,
although we examined the same data as his study. This discrepancy may have
originated from differences in corrected numbers of dugongs. Cleguer (2015)
used availability detection probabilities reported by Pollock et al. (2006) who
provided constant availability estimates across water depths. In addition,
Pollock’s availability estimates were based on Detection Zones estimated by
Pollock et al. (2006) and the authors used dugong tracking studies conducted in
various parts of Australia (Chilvers et al. 2004). In this study, we used availability
detection probabilities specific to three depth categories. In addition, we used
Detection Zones from Sobtzick et al. (2015) and dugong tracking data collected
from dugongs captured in New Caledonia (Cleguer 2015).
4.2.2 Relative importance of survey blocks
The highest number of dugongs in blocks 2 and 3 in all six surveys
emphasises their importance to dugongs in New Caledonia. Similar results were
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reported by Garrigue et al. (2008), Cleguer (2015) and Cleguer et al. (2015).
Cleguer et al. (2015) found high dugong density areas are under-represented in
the current MPA zones with high protection for dugongs. No units of high and
very high dugong density area were covered by higher protection areas such as
the integral reserves, wilderness reserves, natural reserves and sustainable
management reserves. The 74% of high dugong density area was found in nonMPA areas (which provide no dugong protection), 12% in Province parks (which
provide lower dugong protection) and 17% in UNESCO zones (which provide
variable dugong protection in provinces) (Cleguer et al. 2015). The inadequacy of
the current MPAs to protect dugongs could constitute the basis of new
discussions among managers, planners, scientists and sea-users towards the
rezoning of the MPAs in New Caledonia. Guidance to inform these discussions
are provided by Cleguer et al. (2015).
If the objectives and targets of MPAs in New Caledonia are to protect
dugongs and their habitat then information on dugong density and distribution,
seagrass distribution, commonly known threats to dugongs (e.g., by-catch in gillnets from small scale fisheries, illegal harvest and vessel strike) should be
incorporated in rezoning (Cleguer et al. 2015). Consulting with local communities,
especially sea-users, will be essential to ensure that the rezoning is achieved in
the most appropriate way. Indirect threats also need to be considered. Few
mining areas exist in the north-west, south-west and south-east New Caledonia
(Losfeld et al. 2015). These activities transport metal-rich sediments into rivers
and the lagoon and pose potential threat to coastal lagoon ecosystems and
marine organisms including dugongs (Hédouine et al. 2008, Morrison et al.
2013).

4.3

Limitations of the Hagihara methodology

The Hagihara method described in this study should improve the accuracy of
dugong population estimates over previous methodologies. Similar to the
estimates provided by the Pollock method, the abundance estimates obtained
from the Hagihara method are however not the absolute dugong abundance for
several reasons (sensu Sobtzick et al. 2015). Some of the limitations below also
exist in the Pollock method:
1. The uncertainties associated with the corrections for availability bias resulting
from the challenges associated with determining the Detection Zone and
dugong diving and surfacing behaviour (see Table 1):
a. The depth resolution of the TDRs used to study dugong diving behaviour was
± 0.5 m and the TDRs used in the Dugong Secchi Disk experiment was ± 0.1
m;
b. The difficulties in defining a depth recorded by TDRs at a fine scale (e.g., <1
m). A TDR is attached very close to a dugong’s tailstock, and a typical
dugong’s body length is about 2.5 to 3 m. Thus the orientation of body in the
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c.

d.

e.
f.
g.

water column gives different depth measurements (Hagihara et al. 2011,
2014 and Hagihara 2015);
Sample size was relatively large (nine dugongs) but the tracking periods for
each dugong ranged from 3 to 192 days (Table 2). Although this variation is
accounted for in statistical analyses, equal representation of these animals is
preferable. However, we believe the data from these nine tracked dugongs
occurred in areas such as Nouméa, and Bourail-Poya provide representative
diving and surfacing behaviour, as a majority of dugongs is sighted in these
areas during aerial surveys;
The uncertainty associated with the availability probabilities in season. Most
dugongs were tracked between September and December (summer months),
but aerial surveys were conducted in both summer (November and January)
and and winter (June). Seasonal effect on dugong diving behaviour or
physiology (therefore on availability bias) has not been examined in this study
or by others;
The simplification in the record of environmental conditions resulting from
using Environmental Condition Classes (Table 1);
Likely observer differences in the recording of Environmental Condition
Classes; and
No estimates of perception bias from two pairs of observers for each New
Caledonia aerial survey as such estimation is logistically difficult.

2. Dugongs not sighted during aerial surveys are considered as absent. Martin
et al. (2014) attempt to correct for animals that are not sighted.

4.4

Biological insights

The dugongs in New Caledonia spent more time near the surface at night
(0000-0800 h and 1600-0000h) than during the day (0800-1600 h). This finding is
consistent with similar works on availability bias from southern Great Barrier
Reef, Australia (Hagihara et al. 2014) and Torres Strait (Hagihara et al. 2016).
Behavioural states of these dugongs are unknown, but during the day they were
presumably actively swimming and diving (away from the surface), resting or
feeding underwater (feeding during the day in New Caledonia is described in
more detail below). This surface avoidance behavior may be because more
human activities occur during the day near shore areas of New Caledonia (e.g.,
recreational boating in the Noumea region, fishing in the Bourail-Poya region).
Previous dugong tracking study in Hervey Bay (Sheppard et al. 2009) found
satellite tracked dugongs were moving offshore early morning and coming back
inshore at the end of day. But more importantly, the authors also found smaller
numbers of satellite fixes during the day compared to the night time. The authors
stated the reason of smaller number of satellite fixes during the day was because
the dugongs were actively diving or swimming during the day (Sheppard et al.
2006). Sheppard et al. (2006) used previous generation of GPS transmitters
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which did not provide QFP fixes. As described previously, QFP fixes require only
ca. 5 sec of surfacing time, whereas GPS fixes require >30 sec. Thus a dugong
engaged in diving and active swimming pulled a satellite transmitter underwater
and prevented it from communicating with orbiting satellites. The authors
postulated such behavioral patterns of dugongs as human avoidance strategy.
Diel effect was absent in the horizontal spatial use of dugongs over water
depths, but tidal conditions and seagrass affected dugongs’ spatial use. We
found dugongs were in shallow areas (<5 m deep) during incoming tides (flow
low and flow high), even when the tidal level was still low (flow low). Although
behavioral states are unknown, it is possible that the dugongs are moving into
shallow area as water levels rise. Over the areas with confirmed seagrass
(determined by seagrass maps generated from satellite imageries), the highest
number of satellite fixes were found during high tides (flow high and ebb high;
Figure 6). Taken together, these results suggest that the dugongs use tidal cues
to change behaviors; the animals move into shallow areas during increasing tides
and remain over seagrass meadows during high tides to maximize the time spent
on feeding. The use of tidal fluctuations we found in this study was consistent
with studies conducted in Australia (Sheppard et al. 2009, Zeh unpublished data).
Cleguer (2015) also did not find any diel differences in the home-range of the
tracked dugongs.
Frequent use of shallow waters during flow and high tides in shallow waters
highlight the importance of the area for dugong conservation. Boaters are
recommended to be cautious in such shallow waters and tidal conditions in order
to avoid contact with dugongs.
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5. CONCLUSION
Both environmental conditions and animal behavior are typically
heterogeneous across wildlife surveys and accounting for these factors should
improve survey methodologies and lead to more accurate population estimates.
Few studies account for heterogeneity in diving behavior (e.g., Schweder et al.
1991a,b, Laake et al. 1997, Edwards et al. 2007), and fewer studies have
examined the effect of both heterogeneous environmental and diving behavior on
availability bias (e.g., Thomson et al. 2012, Hagihara et al. 2014, Fuentes et al.
2015, Hagihara et al. 2016).
The population abundance estimated using the Hagihara method which
accounts for the heterogeneity of dugong availability bias with depth as well as
environmental conditions should be more accurate than the estimates using the
Pollock method. The precision of abundance estimates from the Hagihara
method was not compromised by incorporating additional variable in the
methodology. For coastal species such as dugongs, both the environmental
conditions (especially water turbidity) and the depth of water can vary greatly
even within a single transect, particularly if the transect is across a depth gradient
(as is usual in coastal surveys to increase the precision of the population
estimate). This is the case in the coral-reef lagoons of New Caledonia where
habitats are extremely heterogeneous. Fine-scale availability correction therefore
improves the population abundance estimates of the coastal species such as the
dugong.
Satellite tracking data has numerous applications when the data are
combined with other information. In this study we demonstrated the dugong
satellite tracking data improved dugong abundance estimates by incorporating
their diving patterns and also provided insights into habitat use and behaviour in
general under various physical and environmental conditions. Tracking dugongs
during the winter season in New Caledonia will provide data to test whether
dugong availability varies between seasons. Such study will further improve the
accuracy of dugong population abundance.
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APPENDICES
Appendix I – Coefficient of a Generalized Linear Mixed Model on availability bias
for each Environmental Conditions Index (ECI) estimated from Model 2.
Environmental
Conditions
Index (ECI)
ECI 2

Estimate

Std. Error

Z value

Pr(>|z|)

1.023

0.238

4.296

<0.001

-0.097

0.128

-0.760

0.45

0.710

0.796

0.891

0.37

Time: 0800-1600h

-0.686

0.117

-5.866

<0.001

Time: 1600-0000h

0.843

0.134

6.279

<0.001

Intercept

2.412

0.471

5.124

<0.001

-0.232

0.153

-1.512

0.13

0.116

0.641

0.181

0.86

Time: 0800-1600h

-0.768

0.147

-5.207

<0.001

Time: 1600-0000h

1.012

0.188

5.386

<0.001

Intercept

0.240

0.169

1.419

0.16

-0.011

0.112

-0.099

0.92

1.080

1.059

1.020

0.31

Time: 0800-1600h

-0.653

0.106

-6.171

<0.001

Time: 1600-0000h

0.544

0.103

5.274

<0.001

Intercept
Depth: 5 to <20 m
Depth: >20 m

ECI 3

Depth: 5 to <20 m
Depth: >20 m

ECI 4

Depth: 5 to <20 m
Depth: >20 m
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Appendix II – Dugong abundance and standard error (brackets) estimated from the Pollock methodology (Pollock et al.
2006) and the dugong abundance and coefficient of variation (CV) from the Hagihara methodology (Hagihara et al. 2014).
Block

Jun 2003
Pollock
Hagihara
method
method

Pollock
method

Jan 2008
Hagihara
method

Jun 2011
Pollock
Hagihara
method
method

919 (414)

630 (244)

435 (181)

314 (122)

2

401 (219)

357 (178)

tfs

tfs

220 (82)*

263 (66)*

75 (56)

85 (61)

3

380 (223)

350 (233)

tfs

tfs

233 (112)

234 (110)

213 (113)

205 (107)

4
Total

326 (192)
2026
(553)

251 (141)
1588
(407)

170 (85)
606
(200)

112 (56)
426
(134)

107 (68)
881
(201)

102 (55)
717
(171)

117 (70)
649
(195)

75 (42)
545
(157)

CV

0.27

0.26

0.33

0.31

0.23

0.24

0.30

0.29

Jun 2012
Pollock
Hagihara
method
method

Pollock
method

Nov 2012
Hagihara
method

1

417 (162)

322 (135)

261 (132)

244 (123)

2

203 (74)

220 (80)

225 (83)

179 (66)

3

484 (225)

481 (231)

338 (156)

328 (154)

4
Total

123 (75)
1227
(296)

143 (89)
1166
(293)

73 (71)
898
(231)

41 (40)
792
(212)

CV

0.24

0.25

0.26

0.27

tfs: too few sightings for population estimations.
*a herd of 69 dugongs sighted
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187 (99)

Nov 2011
Hagihara
method

1

Block

250 (128)

Pollock
method

243 (132)

180 (88)

Appendix III – Coefficients and standard errors from zero-inflated negative
binomial models using survey only as an explanatory variable in a count model
and constant intercept in a binomial model using A) all six surveys and B) five
surveys excluding the survey conducted in 2003.
A)

Estimate

Standard error

Z value

Pr(>|z|)

Count model (negative binomial with log link)
Intercept

-0.824

0.208

-3.962

<0.001

Survey: Jan 2008

-0.988

0.307

-3.221

<0.01

Survey: Jun 2011

-0.050

0.284

-0.177

0.86

Survey:
2011

Nov

-1.079

0.293

-0.368

<0.001

Survey: Jun 2012

-0.409

0.277

-1.476

0.14

Survey:
2012

-0.719

0.279

-2.578

<0.01

-0.325

0.230

-1.411

0.16

0.406

0.167

2.432

<0.05

Estimate

Standard error

Z value

Nov

Log(theta)

Zero-inflation model (binomial with logit link)
Intercept

B)

Pr(>|z|)

Count model (negative binomial with log link)
Intercept

-0.178

0.239

-7.322

<0.001

Survey: Jun 2011

0.934

0.297

3.147

<0.01

Survey:
2011

Nov

-0.088

0.306

-0.287

0.77

Survey: Jun 2012

0.575

0.291

1.977

<0.05

Survey:
2012

0.263

0.293

0.899

0.37

-0.180

0.246

-0.731

0.46

0.163

3.282

<0.01

Log(theta)

Nov

Zero-inflation model (binomial with logit link)
Intercept

0.536
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Appendix IV – Average transect lengths (km) of six dugong aerial surveys
conducted over blocks 1 to 4.
Jun 2003

Jan 2008

Jun 2011

Nov 2011

Jun 2012

Nov 2012

Block 1

17.3

18.8

17.7

17.2

17.7

17.7

Block 2

9.5

10.2

8.8

8.8

8.8

8.8

Block 3

16.6

17.4

16.9

17.0

16.9

17.0

Block 4

14.0

16.0

16.0

16.1

16.2

16.0
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Appendix V – Coefficients and standard errors from a zero-inflated negative
binomial model using survey and block as explanatory variables in a count model
and block only in a binomial model.
Estimate

Standard error

Z value

Pr(>|z|)

Count model (negative binomial with log link)
Intercept

-1.040

0.211

-4.931

<0.001

Survey: Jan 2008

-0.802

0.281

-2.855

<0.01

Survey: Jun 2011

-0.390

0.265

-1.473

0.14

Survey: Nov 2011

-1.103

0.271

-4.073

<0.001

Survey: Jun 2012

-0.538

0.252

-2.138

0.03

Survey: Nov 2012

-0.885

0.256

-3.451

<0.001

Block 2

0.938

0.214

4.371

<0.001

Block 3

0.564

0.219

2.580

<0.01

Block 4

-0.138

0.251

-0.549

0.58

Log(theta)

0.066

0.203

0.326

0.74

Zero-inflation model (binomial with logit link)
Intercept

-0.576

0.297

-1.936

0.05

Block 2

1.842

0.318

5.788

<0.001

Block 3

1.148

0.338

3.401

<0.001

Block 4

1.121

0.368

3.047

<0.01
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Appendix VI – Model comparison based on various information criteria. The
selected model is expressed in bold.
Model
2*

Variables
time, tide,
depth,

seagrass,

df

AIC

BIC

Log
Likelihood

Deviance

water

16

1691.1

1750.7

-829.56

1659.1

water

13

1699.2

1747.6

-836.58

1673.2

water

14

1704.1

1756.2

-838.05

1676.1

10

1695.4

1732.6

-837.69

1675.4

14

1687.7

1739.8

-829.84

1659.7

11

1695.8

1736.8

-836.90

1673.8

12

1700.2

1744.9

-838.12

1676.2

tide x seagrass,
seagrass x water depth
3

time, tide,
depth,

seagrass,

seagrass x water depth
4

time, tide,
depth,

seagrass,

tide x seagrass
5

time, seagrass,
water depth,
seagrass x water depth

6*

tide, seagrass,
water depth,
tide x seagrass,
seagrass x water depth

7

tide, seagrass,
water depth,
seagrass x water depth

8

tide, seagrass,
tide x seagrass,
water depth

*statistically significant difference between Model 2 and 6 was not found using likelihood ratio test
(Chi-square = 0.57, p = 0.75). Thus a simpler model (M6) was selected.
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Appendix VII – Estimates of coefficients and standard errors from a negative
binomial model using the number of GPS/QFP fixes.
Estimate

Standard error

Z value

Intercept

2.1325

0.3274

6.514

<0.001

Tide: flow low

0.1690

0.1447

1.168

0.243

Tide: ebb high

-0.2528

0.1520

-1.663

0.10

Tide: ebb low

-0.0894

0.1489

-0.601

0.55

Seagrass: Presence

-0.4084

0.1857

-2.200

<0.05

Depth: 5 to < 20 m

-0.7361

0.1188

-6.194

<0.001

Depth: > 20 m

-1.8244

0.1856

-9.831

<0.001

Tide: flow low x Seagrass: Presence

-0.7076

0.2671

-2.649

<0.01

Tide: ebb high x Seagrass: Presence

0.3140

0.2472

1.270

0.20

Tide: ebb low x seagrass: Presence

-0.2043

0.2593

-0.788

0.43

Seagrass: Presence x depth: 5 to < 20 m

-0.8780

0.2181

-4.026

<0.001

Seagrass: Presence x depth: > 20 m

1.0085

1.1956

0.843

0.40
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