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In this study, we used a 10-year (2007e2016) mark-recapture dataset to investigate the
potential effects of ﬂooding and port development on the population dynamics of
Australian humpback dolphins (Sousa sahulensis), inhabiting the Fitzroy River and Port
Curtis, within the southern Great Barrier Reef region. A Multisite Capture-Recapture model
was used to quantify population size and demographic parameters for both sexes and sites.
Flood occurrence and intensity (both sites), and port development (Port Curtis) were
included as explanatory variables. Abundance estimates indicated that about 77 adult
dolphins were present in both sites, of which 69% were females. Most females (69%) were
resident with a yearly recruitment close to zero for most years. Most males and unsexed
(68%) individuals showed little evidence of long-term residency. The abundances of males
and unsexed individuals varied between 15 and 20 dolphins in the Fitzroy River and 19e26
in Port Curtis, but the accuracy was too low to assess changes. Female abundances started
at 56 in both sites and declined to about 32 per site in 2011, coinciding with port development construction activities and a concurrent major ﬂood. In Port Curtis, the number of
females returned to their original levels once the port development was completed in
2013. In the Fitzroy River, the declining trend continued and reached the lowest estimated
abundance of 29 in 2016. As port developments and ﬂoods are expected to increase along
the Queensland coastal region over coming decades, the results of this study highlight
increasing concerns about the vulnerability and long-term sustainability of inshore dolphins in the GBR.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC
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1. Introduction
A central problem in studying long-lived animals such as dolphins is that important demographic processes (recruitment,
survival, migration) that control population dynamics require multiple years or decades to measure patterns and infer causal
relationships (Clutton-Brock and Sheldon, 2010). Thus, monitoring population trends and determining the effects of environmental and anthropogenic disturbances on marine mammals often requires substantial monitoring efforts (Hawkins et al.,
2017; Mann and Karniski, 2017). Few long-term studies (i.e.  10 years) on marine mammals are available and mostly focus on
common conspicuous species like the bottlenose dolphin (Tursiops spp.) (Scott et al., 1990; Wells, 1991). Cryptic, elusive, and
threatened species such as the Australian humpback dolphin (Sousa sahulensis) are rarely the subject of intensive long-term
studies. As a result, our understanding about the variation in demographic processes and how they may be related to natural
and anthropogenic disturbances remains limited for these species (Parra and Cagnazzi, 2016).
The Australian humpback dolphin is endemic to coastal waters of northern Australia and southern New Guinea (Mendez
et al., 2013; Jefferson and Rosenbaum, 2014). The Australian humpback dolphin is listed as “Vulnerable” in the International
Union for Conservation of Nature Red List (Parra et al., 2017) and as a Matter of National Environmental Signiﬁcance under the
Australian Environment Protection and Biodiversity Conservation Act. Within Australia, their conservation status varies
across states. In Queensland, the Australian humpback dolphin is listed as “Vulnerable” under the Nature Conservation Act
1992 (Woinarksi et al., 2014) and considered a “priority species for conservation” under the Reef 2050 Long-Term Sustainability Plan (Commonwealth of Australia, 2015) of the Great Barrier Reef Marine Park Authority (GBRMPA).
In Queensland, Australian humpback dolphins (hereafter humpback dolphins) live in small populations of approximately
50e200 individuals. They are found primarily in inshore and estuarine waters, have high residency, exhibit low genetic diversity and have ﬁne-scale genetic population structure (Parra et al., 2018). These biological characteristics render these
coastal dolphins vulnerable to habitat loss and inland and coastal human activities and disturbances (Parra and Cagnazzi,
2016).
During the previous decade, the Queensland coastline has experienced localised large-scale port developments and has
experienced extensive and severe ﬂooding events. New ports and mining developments are underway in several locations
along the Queensland coast and inland (Grech et al. 2013, 2016). Engineered structures exist in nearly every estuary in the
Great Barrier Reef (GBR), and collectively total 9.4% of the GBR shoreline length (Waltham and Sheaves, 2015), a ﬁgure which
is increasing annually. Furthermore, the frequency of ﬂooding has increased from 1 in every 20 years prior to European
settlement (1748e1847) to one in every six years between 1948 and 2011 (Lough et al., 2015), and reached a yearly reoccurrence between 2011 and 2016 (Bureau of Metereology, 2018). Rivers ﬂowing into the GBR now carry ﬁve-to nine fold
higher nutrient, sediment and contaminant loads compared with pre-European settlement (Brodie et al., 2012; De’ath et al.,
2012). As a result, water ﬂowing in the GBR is classiﬁed as of poor quality (Kroon et al., 2016).
The combined pressure of large-scale environmental change from port development and ﬂooding deserve attention as
potential stressors on the marine environment. Although the biophysical mechanisms of such stressors may be very different,
both port development and ﬂooding have been linked to multiple negative consequences on marine mammals, such as: shifts
in habitat suitability, temporal displacement, lower reproductive success, decreased health, increased mortality and population declines (Fury and Harrison, 2011; Pirotta et al., 2013; Marcotte et al., 2015; Culloch et al., 2016; Weijs et al., 2016). In
Queensland, ﬂooding patterns affect mortality rates and movement patterns of marine mammals including humpback
dolphins (Meager and Limpus, 2014; Meager et al., 2018). In multiple locations in Queensland, the accumulated concentration
of anthropogenic contaminants in humpback dolphins are above the immunological and reproductive effects thresholds for
marine mammals (Cagnazzi et al. 2013a, 2020; Weijs et al., 2016). The accumulation of these contaminants was found to
increase over time, probably mobilized by ﬂooding, development, or other unknown events (Cagnazzi et al., 2020).
From 2007 to 2016, the Fitzroy River experienced an unprecedented series of eight ﬂooding events, whereas Port Curtis
was affected by two ﬂoods in 2011 and 2013 (Bureau of Metereology, 2018). The 2011 ﬂood was the third largest ﬂood
recorded in Queensland history (1.16 million mega-litres of water discharged per day for 18 days). From 2011 to 2013 Port
Curtis of Gladstone underwent a major expansion of the existing and new port facilities, which included substantial dredging
(22 million cubic metres), land reclamation (153 ha), and extensive shore development (Gladstone Port Corporation, 2012). In
2011, an unusually high mortality of dolphins (n ¼ 7), dugongs (n ¼ 12), marine turtles (>300) and ﬁshes were reported in the
area (Meager et al., 2012; Flint et al., 2015; Dennis et al., 2016).
The Fitzroy River and Port Curtis are the core areas of use for two geographically distinct social communities of humpback
dolphins (Cagnazzi, 2011). Both communities are part of a single genetic population formed largely by resident individuals
and with extremely low gene ﬂow to and from nearby populations (Parra et al., 2018). The Fitzroy River is also home to a
resident population of Australian snubﬁn dolphins (Orcaella heisohni) (Cagnazzi et al., 2013b).
In this study we analysed ten years (2007e2016) of photo-identiﬁcation capture-recapture data of humpback dolphins
collected in the Fitzroy River and Port Curtis, Queensland, to determine sex-speciﬁc population parameters (abundance,
apparent survival, apparent recruitment and movement between geographic areas) and population trends in relation to
anthropogenic (port development) and environmental (ﬂooding) disturbances occurring in the region between 2007 and
2016.
This study has two objectives, which are operationalized through two related but different inferential tools. Firstly, we
seek to estimate and interpret population processes; for instance, the movement of animals between two geographic areas
(Fitzroy River and Port Curtis), their abundance patterns, and other capture-recapture parameters. Our primary inferential
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tool for this objective is estimation via capture-recapture model-averaging, as well as our interpretations about the patterns of
these estimates. This objective is important because it contributes to our understanding of the state and trends of vulnerable
populations, which is a research priority of the Australian Commonwealth Government (Department of the Environment,
2015), as well as one of the biodiversity targets of the GBRMPA Reef 2050 long term sustainability plan (Commonwealth
of Australia, 2015).
Our second objective is hypothesis-driven inference about two ecosystem-scale disturbances and the impact on dolphins:
ﬂooding, and port-development in Port Curtis. For this objective, our primary inferential tools are Bayesian posterior inclusion
probabilities (Clyde et al., 2011), which provide statistical evidence in favour of one hypothesis versus another.
In addition to these statistical products, we consider extensive contextual information about the system to help interpret
the quantitative results, given the various statistical challenges that prohibit more direct conclusions. For instance, the numerical representations of ﬂooding and port-development co-occur in time, which results in statistical co-linearity, and
makes it very difﬁcult to separate their effects.
Together, these two objectives of estimation and hypothesis-driven inference serve to highlight the vulnerability of
inshore dolphins to increasing anthropogenic disturbances, and the importance of long-term studies in assessing such
impacts.
2. Material and methods
2.1. Study area and survey procedures
In this study we present data collected from 2007 to 2016 during boat-based surveys conducted in the Fitzroy River
(491 km2) and Port Curtis (325 km2) along the central coast of Queensland, Australia (Fig. 1). During the ten years of the
project, surveys were extended into nearby regions (Appendix A; Fig. A1); however, data have been collected for ten years
with no interruption only in the Fitzroy River and Port Curtis areas. Both areas meet the criteria identiﬁed by the National
Research Framework for research on tropical inshore dolphins as being large estuarine habitats (>400 km2) and containing a
sufﬁcient number of animals to obtain robust and reliable estimates of abundance, recruitment, temporary emigration, and
survival (Brooks et al., 2014). Two survey protocols were applied over the 10-year study period 2013, resulting from increased
research funding available from 2014 to 2016. Between 2007 and 2013, surveys followed a combination of zig-zag routes in
open waters and straight transect surveys in creeks, small inlets and rivers (Fig. 1). Survey routes were slightly adapted daily
depending on the tide level. From 2014 to 2016, surveys followed a combination of systematic parallel line transects, with
lines placed 2 km from each other (Fig. 1) and straight transect surveys in creeks, small inlets and rivers.
In both periods, the aim of the surveys was to cover the entire area (a complete coverage of all line, zig-zag and straight
transects) as many times as possible between May and September. The complete coverage of all transects was considered a
secondary sample during which period the population was assumed closed; the combination of all secondary samples
completed each year between May and September was a primary sample. All demographic parameters (apparent survival,
movement) refer to transitions between years, during which the population is assumed demographically open. For each
secondary sample, the effective area surveyed in each region was estimated using the total length of survey transects and
assuming an effective half strip-width of 400 m (groups beyond this range were unlikely to be seen). The effective survey area
was included as a covariate to compensate for variation in survey efforts.
Boat surveys were conducted using small research vessels (5.0e6.5 m) at a speed of 10e12 km/h. From 2007 to 2013,
surveys were completed using a single vessel, whereas two vessels were operated between 2014 and 2016. Surveys were
conducted only in sea state 2 or less (0 ¼ mostly ﬂat conditions; 1 ¼ few ripples but no white caps, 2 ¼ more consistent ripples
with few white caps developing, 3 ¼ extended white caps) and with good and medium visibility (good ¼ sunny conditions
with no glare, medium ¼ cloudy condition or glare, poor ¼ visibility largely affected by the combination of various factors).
During surveys, two observers, positioned one on each side of the vessel, searched for dolphins. Photo-identiﬁcation was
conducted using various digital cameras with 400 mm zoom lenses. Data recorded at each sighting included: species, school
size (i.e. any dolphins within our visual range involved in similar behavioural activities or clearly interacting), school
composition (adult, juveniles and calves), date, time and geographical location (latitude and longitude using a Humminbird
Helix 7).
Age classes were distinguished based on the dolphins’ sizes and colour patterns using slightly modiﬁed criteria from Parra
et al. (2006). Calves were animals about 1 m in length, of a black or light grey colour, and were always associated with an
adult, likely to be the mother. Individuals less than two-thirds of an adult body size (<2 m) and of a uniform light grey skin
were classiﬁed as juveniles. Individuals between 2 and 3 m in length were classiﬁed as adults. Adults humpback dolphins vary
in colour with age, from a uniform dark grey colour with visible scars to a spotted appearance and extensive loss of
pigmentation on the dorsal ﬁn, rostrum, and body extremities. Only adults were added to the database for further analyses.
2.2. Database and photo-identiﬁcation data quality
An online catalogue was developed to upload all photographs collected during the surveys. All images were assigned an
absolute value based on focus (2 ¼ in focus, 4 ¼ slightly off focus, or 9 ¼ off focus), degree of contrast (1 ¼ dorsal ﬁn clearly
distinguishable from the background, 2 ¼ dorsal ﬁn partially distinguishable, and 3 ¼ lack of contrast), angle of dorsal ﬁn to
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Fig. 1. Map of the study area showing survey areas (Port Curtis and Fitzroy River) and the different survey protocols completed between 2007 and 2013 (double
dotted line) and 2014 to 2016 (continuous red line). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the Web version of
this article.)

the camera (1e90 , 2 < 135 or 8  135 ), dorsal ﬁn visibility and the proportion of the frame ﬁlled by the dorsal ﬁn
(1 ¼ picture quality not affected by pixel resolution, 5 ¼ pixels visible in the picture) (Brooks and Pollock, 2011; Tyne et al.,
2014). These values were then summed to produce an overall image quality score. All images with a quality score <17
(maximum of one lower quality parameter) were added to the database and divided into the following categories: “excellent”
with a total score of 5e7, “good” with a score of 8e11 and “fair” with a score of 12e17. All photographs with a quality score of
>17 were classiﬁed as “poor” and not considered suitable for matching purposes.
The ﬁrst time a dorsal ﬁn was added to the catalogue it received a unique ID number and a distinctiveness value: D-0 not
distinctive (none or very little information, very small not clearly distinguishable nicks on trailing edge), D-1 very little
distinctiveness with only one clear matching feature, D-2 moderately distinctive dorsal ﬁn with at least two salient matching
features, and D-3 highly distinctive dorsal ﬁn with a minimum of three clearly visible features, or two if one was on the
leading edge of the dorsal ﬁn.
Adults dolphins were further divided based on dorsal ﬁn appearance into “white ﬁn” with loss of pigmentation on the top
half of the dorsal ﬁn; “heavily spotted” with spotting covering the entire dorsal ﬁn; “faintly spotted” with light and dark spots
visible only at the base of the dorsal ﬁn; and “dark grey” of a uniform dark grey colour. For “white ﬁn” and spotted individuals
the sex (male, female, unknown) was inferred using a combination of sexual dimorphism based on dorsal ﬁn appearance as
described in Brown et al. (2016) and mother-calf associations (Mann et al., 2000). Dolphins showing loss of pigmentation on
the top of the dorsal ﬁn (white ﬁn) were assumed male if never associated with a dependent calf. “Faintly spotted” or “heavily
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spotted” dolphins were classiﬁed as female if sighted with a dependent calf at any time during the study (Brown et al., 2016).
Adult “dark grey” individuals were classiﬁed as “unsexed” because the sex could not be distinguished using ﬁn morphology.
Finally, for some individuals the sex was conﬁrmed through genetic analysis on biopsy samples collected for population
structure (Parra et al., 2018) and toxicological studies (Cagnazzi et al., 2020).
Mother-calf association was determined only in groups of less than six individuals using a combination of ﬁeld observations and photographs. In small groups, the associations are more stable and the risk to wrongly deﬁne a mother-calf pair is
lower. Larger groups are generally characterised by convoluted spatial dynamics with members involved in multiple
behavioural activities. In these groups, social interactions are common and often include multiple calves playing together
with several adults in proximity (Karczmarski, 1999).
For analysis purposes, unsexed dolphins were grouped with males. This approach has been applied in previous studies
(Sprogis et al., 2016a; Hawkins et al., 2020). The large skewed ratio toward females leads us to suspect that the large majority
of the unsexed dolphins included in this group are likely to be males. We provide more detailed explanations in support of
this hypothesis in section 4.1.
2.3. Multisite Capture-Recapture model structure
We used a Bayesian Multisite Closed Robust Design model (Rankin et al., 2016) with Temporary Emigration (MSCRD-TE)
(Nichols and Coffman, 1999; Coffman et al., 2001) to estimate population demographic parameters. The assumptions required
for mark-recapture studies are reviewed in Appendix A.2.
We performed model-averaging and model-selection among 1728 competing MSCRD-TE models. The models were a type
of hidden Markov model (HMM) and a multi-site generalization of the framework from Rankin et al. (2016). Each model
differed according to which types of heterogeneity were included in the process parameters (sex, site, time/years) and which
explanatory variables where included in the models (port development, ﬂooding).
Inference involved estimation of MSCRD-TE parameters (recruitment, assortment, survival, movement, temporary
emigration and capture probabilities) by model-averaging, as well as calculation of posterior inclusion probabilities. The
model-averaged estimates characterized the magnitude and direction of effects, whereas the posterior inclusion probabilities
were used to evaluate hypotheses about which covariates had important effects on demographic parameters.
By framing the MSCRD-TE model as a type of HMM, we are able to perform inference about the populations’ movement
between the Fitzroy River (North site) and Port Curtis (South Site), as well as other changes to other “latent states” (Royle and
Dorazio, 2008). These latent states represented the unseen distribution of hidden demographic states, including: unrecruited, North site, South site, temporary-emigrant North, temporary-emigrant South, and dead. By modelling the sequences of latent states, the Bayesian models allowed estimation of demographic transitions processes such as recruitment,
temporary emigration, and survival. Only the North and South states were “observable”, in the sense that they represented
actual physical sites. Formally, this latent-state speciﬁcation is a type of hidden Markov model, whereby the conventional
MSCRD-TE parameters ðj; l; g; 4Þ specify the “transmission matrix” between latent states, and the capture probabilities
pertained to the HMM “emissions”. The MSCRD-TE parameters are brieﬂy described below, and more detailed information
about the HMM framework is provided in Appendix B.1.
Recruitment: j controlled the movement of animals from the dummy “unrecruited” state to one of the alive states
(Fitzroy River, Port Curtis). Apparent recruits represent permanent additions to the marked population, including calves who
become adults as well as permanent adult immigrants. All models had the same speciﬁcation for j, such that they varied by
sex and time.
Assortment: l governed whether new animals recruited into the North vs. South site. The parameter was dependent on
three covariates, including: i) sex (female vs. male/unknown), ii) a quadratic effect due to ﬂooding discharge intensities, and
iii) an effect due to port-development (including “before development”, “during development”, and “after development”).
Different models included different effects, and posterior inclusion probabilities helped us infer which effects were important.
We consider this parameter necessary for mathematical completeness, but uninteresting for biological interpretation.
Apparent Survival: 4 governed whether an individual survived and did not permanently emigrate from the study area.
We used a logit transform to decompose the parameter into: a sex-effect, a ﬂooding effect, and a port-development effect. We
also included a full temporal heterogeneity as a type of random-effect1.1 The random-effects had a hyper-parameter to control
the dispersion of the random-effect coefﬁcients; we used a scaled half-Student-t distribution (Gelman, 2006) to allow some
shrinkage of the random-effects towards zero (see the Appedix B.1 for details about the hyper prior).
Movement: g controlled the movement of animals between the Fitzroy River and Port Curtis. The movement was assumed
to occur between primary periods. gN is the probability of staying in the Fitzroy River (conditional on already being in the
Fitzroy River), whereas 1  gN is the probability that an individual in the Fitzroy River will move to Port Curtis. A similar
parameter was set for Port Curtis (gS ), allowing for asymmetric movement between sites. Both parameters included effects
for: sex, port-development, ﬂooding, and full temporal heterogeneity (the latter being a random-effect). As with the 4
temporal random-effect, we used a single half-Student-t hyperprior to facilitate shrinkage of the temporal heterogeneity.

1
Full temporal heterogeneity refers to each primary-period having its own estimate parameter, rather than being ﬁxed across time; random-effect refers
to the non-independence among these time-varying parameters, as they share an estimable prior distribution.
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Temporary Emigration: gte was the probability of an animal moving from one of the sites to an unobservable temporaryemigrant state. The logit-gte had the same suite of main effects and random effects as gN and gS .
Capture Probabilities: p is the capture probability per-secondary period. We decompose p into a combination of
explanatory variables including: sex, sites, port-development, ﬂooding, and a random-effect for temporal heterogeneity at
the secondary-period level.
Survey Effort: we calculated an area-based measure of survey effort based on the percentage of study area surveyed, per
site and per secondary period, called the availability probability pAst;k. These values were calculated by multiplying the distance
adj
of the boat’s GPS track lines by a visible strip-width of 800m. This led to the following adjusted capture probabilities pst;k ¼
pAst;k ,praw
,
where
the
raw
capture
probabilities
were
the
conventional
capture
parameters
of
the
preceding
sections.
We
used
st;k
adj
the pst;k as the dolphin’s overall capture probability in the MSCRD-TE model emission matrix (see jst in Appendix B.2). The
adjustment was important to correct for possible biases due to different survey effort between non-standardized transects
from 2007 to 2013, and standardized transects after 2014.
2.4. External covariates
From 2007 to 2016, the Fitzroy River experienced three major (2011, 2013, 2015), three moderate (2012, 2014, 2016) and
one minor (2010) ﬂooding events (Bureau of Metereology, 2018). Port Curtis experienced one major ﬂood in 2011 and one
moderate ﬂood in 2013 (Bureau of Metereology, 2018). In Port Curtis, the port expansion started in March 2011 and was
completed by September 2013 (Gladstone Port Corporation, 2012).
The ﬂooding covariate was classiﬁed as discharge using Queensland Government Bureau of Meteorology data. We used the
intensity classiﬁcations: “minor” (<7.5 m), “moderate (7.5e8.5 m) and “major” (>8.5 m) (Bureau of Metereology, 2018) (Table
C.1 and C.2) to derive an ordinal scale of the discharge intensity per month, and sum the values to get an overall annual
discharge intensity. We derived a continuous “discharge” covariate with a 1st-order and quadratic effect. The effect of
ﬂooding was assumed to occur during each capture occasion, whereas for the process parameters ð4; g; lÞ the effect was
assumed to occur in-between primary periods (Table C.3 and C. 4).
The occurrence of port development in Port Curtis was included in the modelling process as a three-level indicator covariate with values: before (2007e2010), during (2011e2013), and after (2014e2016) (Table C.2). Port-development occurred
between 2011 and 2013 in Port Curtis but not in the Fitzroy River; hence, certain processes in the Fitzroy River had the indicator coded as all zero (Table C.5). For movements between sites, port-development was coded as 1, because it occurred in at
least one of the sites. We note that between 2011 and 2013 the annual incidences of port-development and ﬂooding tended to
co-occur in time (although not causally related), resulting in statistical collinearity between these two covariates (Appendix
C; Table C.5).
2.5. Model construction
Ideally, we would have considered all possible models that arose from taking all possible combinations of candidate
covariates for each parameter, but the full range of models was prohibitively large. We truncated the number of models to
1728 by applying some rules to constrain the total number of possible effects (i.e., constraining model dimensionality) as well
as prohibiting certain interactions. For example, we removed models with: both port-development and ﬂooding (because
these covariates were highly correlated); both port-development and temporal random-effects (because port-development
was essentially a low-rank temporal covariate); both ﬂooding and temporal random effects. In addition, we also applied
parameter-speciﬁc rules to restrict the model-space: we restricted gN to have the same model speciﬁcation as gS (although
each was estimated independently); we removed models where l had more than one covariate, due to the identiﬁability
issues of l (Rankin et al., 2016); we allowed only two possible sub-models for p, one with all the effects but ﬂooding, and one
with all the effects but port-development: the rational for this approach was that capture-recapture studies tend to favour
high heterogeneity in p (relative to other parameters).
We also included hierarchical models with individual heterogeneity, but these were not competitive with the other
models, as measured by the Watanabe-Akaike Information Criterion (WAIC; Watanabe, 2010). These were therefore removed
from further consideration.
Each model was run for 500000 Markov Chain Monte Carlo (MCMC) iterations in 5 parallel chains, including 100000
iterations for burn-in and adaption in JAGS (Plummer, 2007, 2014). The top performing models were also re-run with double
the number of MCMC iterations.
2.6. Multi-model inference
For each model, we estimated the WAIC (Watanabe, 2010) using WAIC1 from Gelman et al. (2013). The WAIC approximation is a predictive criterion used to ﬁnd the model with best predictive loss. We transformed the WAIC1 into “pseudo”
posterior model probabilities, which are also known as model weights. These weights provided two types of inferential tools:
i) model-averaged point estimates and credibility intervals (Clyde et al., 2011); and ii) posterior inclusion probabilities for
evaluated hypotheses such as “what is the probability that the ‘best’ model includes port-development?” versus “what is the
probability that the ‘best’ model includes an effect due to ﬂooding?”. Inclusion probabilities indicate which effects should be
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considered our best current candidates for the truth (Hawthorne, 2011), whereas model-averaged estimates and credibility
intervals describe the magnitude and direction of effects.
We used the Bayesian adaptive sampling algorithm from Clyde et al. (2011) as the most efﬁcient means of ﬁnding the space
of high probability models. The algorithm was suitable in this case because it was speciﬁcally designed for inference based on
model-averaging and posterior inclusion probabilities. We ran the algorithm for 412 models (or approximately 24% of the
total model space). To correct for unmarked animals, we inﬂated the abundances by the global mark identiﬁcation rate of 0.92
(S.E. 0.01), estimated from an auxiliary Bayesian analysis (Appendix B).
3. Results
3.1. Survey efforts and photo-identiﬁcation data
During ten years of surveys we covered 13706 km of transects in the Fitzroy River and 9792 km in Port Curtis (see Table 1
for summary of survey efforts). From all high-quality images, a total of 209 adult humpback dolphins met the criteria for
inclusion in the analyses. In total 140 dolphins were classiﬁed as female, 39 male and 30 were unsexed. For 41 females and 10
males the sex was conﬁrmed by genetic sexing. Only two unsexed “dark grey” dolphins were later determined to be males
with genetic sexing. The sex could not be determined for 29 dolphins. A total of 114 dolphins were sighted in the Fitzroy River
and 131 in Port Curtis, of which 36 were sighted in both regions. See Fig. 2 for distribution of group sightings.
3.2. Model assessment
The top three models represented >99% of the posterior model probability. These models were used for calculating modelaveraged estimates of abundance and process parameters. We also used the model probabilities to calculate posterior inclusion probabilities (pI), which score how important each covariate was for each process. The top model with 92% of the
posterior model probability had the following structural features: time-varying capture probabilities; time-constant survival;
time-constant temporary emigration transition probability; sex-effects on capture probabilities; sex-effects on movement
probabilities; sex effects on survival; port-effects on all parameters. The second model with 6.3% posterior probability was
similar, except it included ﬂooding effects on capture probabilities, and no sex effects on movement probabilities.
3.3. Effective capture probabilities and apparent survival
The effective capture probabilities varied a lot by period, sex and sites (Fig. 3). On average, females had effective capture
probabilities of 0.65 (95%CI ¼ 0.57e0.72), while males had an overall estimate of 0.49 (95%CI ¼ 0.33e0.64). When we adjusted
the effective-capture probabilities by the total amount of survey area ðpAst;k Þ, these “adjusted” effective captures probabilities
were much lower at 0.26 (95%CI ¼ 0.22e0.31) for females and 0.19 (95%CI ¼ 0.12e0.26) for males. There was a much higher
posterior inclusion probability for the effect of port-development on capture probabilities (0.93) as compared to ﬂooding
(0.06). The marginal logit-effect of port development (Appendix D, Fig D.2) was negative at 1.397 (95% CI ¼ 2.255-0), i.e.,
from 2011 to 2013 the ability to detect and capture animals was lowered by port-development. Capture probabilities returned
to original levels in 2014 once port development was concluded. The marginal effect of ﬂooding and port development on
parameter estimates are represented in Figures D.1 and D.2 (Appendix D).
Apparent survival was similar between sites. Overall, females had much higher average apparent survival than males, with
a mean apparent survival of 0.95 per year (95%CI ¼ 0.92e0.98) vs. males which was 0.87 (95%CI ¼ 0.76e0.95) (Appendix D, Fig
D.3). There was a higher probability that port-development had an impact on apparent survival versus ﬂooding, with posterior inclusion probabilities of 1.00 vs. 0.00 respectively (Appendix D, Fig D.1 and D.2). However, apparent survival did not
vary substantially across the study periods (Appendix D, Fig D.3).

Table 1
Summary of survey efforts expressed as total area surveyed (Mean area in km2 covered per primary sample ± standard error) between 2007 and 2016 and
divided by sites. In the table PS ¼ primary sample (years); SS-FR and SS-PC ¼ number of secondary samples (SS) completed in the Fitzroy River (FR) and Port
Curtis (PC); Capture ¼ number of dolphins identiﬁed in each secondary sample.
PS

SS-FR

Captures

Area surveyed

2007
2008
2009
2010
2011
2012
2013
2014
2015
2016

5
6
3
5
5
5
3
5
5
5

66
128
44
64
8
45
26
47
44
25

270
269
281
269
211
260
220
174
182
200

±
±
±
±
±
±
±
±
±
±

8.9
4.7
0.7
10.2
11.7
21.3
31.3
4.1
16.1
14.2

SO-PC

Area surveyed

Captures

5
5
3
5
5
5
3
5
5
5

113 ± 3.8
119 ± 2.8
77 ± 2.9
118 ± 3.3
150 ± 14.2
126 ± 2.3
128 ± 1.3
179 ± 5.4
213 ± 10.4
204 ± 9.7

73
59
17
61
30
25
19
104
95
71
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Fig. 2. Map of humpback dolphin sightings collected in the Fitzroy River and Port Curtis from 2007 to 2013 when surveys were conducted with one boat, and
from 2014 to 2016 with two boats.

3.4. Abundance estimates and trends of adult humpback dolphin
The time-series estimates of abundances differed mainly by sex (Fig. 4). Among both males and females, the temporal
trends in abundances were similar between the Fitzroy River and Port Curtis (Fig. 4). In the Fitzroy River there was a gradual
decline in the estimated number of females from 56.3 (95%CI ¼ 51.1e62.3) in 2007 to 29.9 (95%CI ¼ 22.6e38.3) in 2016.
Abundance estimates of female humpback dolphins using the Fitzroy River in 2016 was signiﬁcantly lower (not overlapping
intervals) than the estimates of females recorded in 2007. The males and unsexed dolphins had a slow steady decline from
20.8 (95%CI ¼ 14.1e29.3) to 16.7 (95%CI ¼ 7.57e31.2) at the end of the study. Abundance estimates in Port Curtis showed more
volatility, especially among females, starting from 57.4 (95%CI ¼ 50.6e65.2) in 2007, declining to 37.4 (95%CI ¼ 29.5e45.7) in
2011, rising up to approximately 65 in 2014 before returning to 56 (95%CI ¼ 49.2e65.2) in 2016. In contrast to this, the
abundance of males and unsexed in Port Curtis was more stable, with abundance starting at 20 (95%CI ¼ 14e30) in 2007, rose
to 26 (95%CI ¼ 16e41) in 2013, and declined back to 20 (95%CI ¼ 15e28) in 2016.
3.5. Apparent recruits
The females had much more dramatic swings in apparent recruitment (Fig. 5), where most of the females seemed to have
recruited into the marked population prior to the beginning of the study (i.e., 68.9% of the females entered before primary
period 1), while the following years only had close to 0 recruits. In both sites there were periods of punctuated female
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Fig. 3. Capture probabilities: time-series of posterior capture probabilities. The dark lines are posterior means, and shaded areas are posterior credibility intervals.
Red lines and polygons represent capture probabilities adjusted with survey effort whereas the blue lines represent the raw estimates. All estimates are from
model-averaging over multiple models. Lines between data points are for illustrative purposes only; continuity of values is not implied. (For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the Web version of this article.)

recruitment, such as between 2011-2012 and 2013e2014 where the number of female recruits increased to 18.1 (95%
CI ¼ 8.82e29.2) and 19.8 (95%CI 4.34e29.5), respectively. These two periods of high recruitment represent 11.0% and 12.0% of
the total encountered females. In contrast, the males and unsexed had a much more consistent, low-level rate of recruitment
of approximately 9.39 males and unsexed per year, and only 32.5% of the total males and unsexed seemed to have entered the
marked population prior to the beginning of the study. There was little apparent difference in the number of recruits between
the sites (as estimated by the l parameter) with only slightly more recruits going to Port Curtis.
3.6. Movement and temporary emigration
Regarding the per-year movement of animals between the Fitzroy River and Port Curtis sites, the overall g transition
probabilities (Fig. 6) were low, suggesting high site ﬁdelity. Averaging over all years and sexes and sites, the average transition
probability between the two sites was just 0.068 (i.e., less than 7% probability of moving between sites). There was a high
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probability that port-development was an important effect for the transition probabilities during the development activities
(with a posterior inclusion probability of 0.936) as compared to ﬂooding (posterior inclusion probability of 0). Males had a
slightly greater tendency to not switch between the Fitzroy River and Port Curtis, as evidenced by the sex-effect on the
transition probabilities between sites. On the logit scale, this sex effect was 0.363 (95%CI ¼ 0.477-1.308), which is interpreted as a reduction in inter-site movement. Although credibility interval spanned 0, the posterior inclusion probability was
0.936.
For the transition probabilities into the temporary emigration state from either Fitzroy River or Port Curtis, there was little
evidence of an effect due to time or sex (posterior inclusion probabilities of less than 0.02) or ﬂooding (posterior inclusion
probability of 0) or port development (0.068). The estimate of TE transition probability for both males, unsexed and females
over all years was 0.118 (95%CI ¼ 0.069e0.167). Interestingly, there was more movement into the temporary emigration states
(representing unknown sites) than between the Fitzroy River and Port Curtis (Fig. 6).

Fig. 4. Abundance estimates: Time-series of posterior abundance estimates per sex and stratum adjusted to include the proportion of non-identiﬁable individuals in the population. Posterior estimates once per-year and are discrete in time. Lines between data points are for illustrative purposes only; continuity of
values is not implied.
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4. Discussion
Information on population trends and sex-speciﬁc estimates of demographic parameters of threatened Australian
humpback dolphins is urgently needed to better understand their population dynamics, assess the potential effects of
environmental and anthropogenic disturbances, and support evidence-based management and conservation strategies. In
this study, we used ten years of photo-identiﬁcation data on Australian humpback dolphins located in the Fitzroy River and
Port Curtis, Queensland, Australia, to address the following two broad research objectives. First, to estimate demographic
capture-recapture parameters and interpret population processes, such as movement between two sub-populations, sexdifferences in survival and recruitment, which help our understanding of a vulnerable species. This research objective was
primarily addressed through capture-recapture model averaging, providing estimates and plots of demographic parameters,
and relied largely on our ability to interpret the patterns of the estimates.

Fig. 5. Recruitment: time-series of posterior estimates of the number of apparent recruits adjusted for the proportion of non-identiﬁable individuals in the
population per sex and sites. Posterior estimates once per-year and are discrete in time. S.E. ¼ standard error. Lines between data points are for illustrative
purposes only; continuity of values is not implied.
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Fig. 6. Movement parameters: time-series of posterior estimates of transition parameters, per sex and site. TE ¼ temporary emigration; S.E. ¼ standard error.
Posterior estimates once per-year and are discrete in time. Lines between data points are for illustrative purposes only; continuity of values is not implied.

Secondly, we sought quantitative evidence in support of two ecosystem-scale disturbances: ﬂooding and portdevelopment. We addressed this goal through Bayesian posterior inclusion probabilities, which provide relative support as
to whether a covariate belongs in the best approximating model. Both ﬂooding and port-development occurred at roughly the
same time, and so were highly statistically co-linear (although different in their potential biophysical impacts on dolphins).
Overall, we found that Port Curtis and Fitzroy River are inhabited by < 100 adult humpback dolphins with sex-segregated
site ﬁdelity. At both sites, the number of females was up to three times larger than the number of male and unsexed individuals combined. Females also showed higher site ﬁdelity than males and unsexed individuals. Our model suggests that
port development, rather than ﬂooding, seemed to have much stronger quantitative support as a covariate explaining demographic variation.
4.1. Limitation in sex classiﬁcation
We applied a conservative approach to determine the sex of marked individuals based on the combination of two parameters, dorsal ﬁn appearance and association with a dependent calf. We were able to assign a sex to 179 individuals, while
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30 remained unsexed. For analysis purposes, males and unsexed animals were grouped together. This decision was based on
two explanations one biological and the other mathematical. The biological explanation is that based on ﬁeld observations we
inferred that the majority of the unsexed individuals were males. Based on our long-term dataset, light spotting at the base of
the dorsal ﬁn develops at around nine years of age corresponding to the age of sexual maturity in females (Jefferson and
Karczmarski, 2001; Brown et al., 2016). Among the unsexed dolphins, 13 were classiﬁed as dark grey, this group is
believed to be the young males that have not yet started losing pigmentation on the top of the dorsal ﬁn, which is believed to
occur at older age from numerous intraspeciﬁc aggression interactions (Brown et al., 2016). Accordingly, two dark grey individuals developed a loss of pigmentation after the end of the study and were never seen with a dependent calf, which would
have qualiﬁed them as males. Six dolphins showed a combination of both loss of pigmentation (male features) and spotting
(female feature). These six individuals were sighted throughout the study, were mostly solitary and were never seen associated with a calf. Our interpretation is that these six animals are old males and that spotting is part of the gradual fading of
pigments which increases with age. The remaining 11 unsexed individuals were classiﬁed as faintly or heavily spotted, and
were never associated with a calf. This small group is likely to include males, infertile females, or occasional visitors, which
were not associated with a calf because they were sighted rarely.
The mathematical explanation is that the alternative (and perhaps more common) approach, to truncate the data by
discarding unsexed individuals, would have biased the analysis toward older-spotted males, and would not necessarily
provided a better representation of males. However, we acknowledge also that our method may result in positive bias in
females’ apparent survival simply because it may favour the deﬁnition of females who are sighted multiple times. The potential deﬁciencies in the sex classiﬁcation method used in this study cannot explain the discrepancy in the number of females versus males and unsexed dolphins. Finally, if our construction of “sex” as a covariate was not meaningful, it would have
been down-weighted according to the model-selection/model-averaging procedures. According to this model-selection/
model-averaging paradigm, our speciﬁcation of heterogeneous groups (however imperfect they may be) required there be
some statistical-performance beneﬁt according the WAIC in order to be incorporated into the model averages. This is a better
approach, in our opinion, than a priori data-truncation.
4.2. Collinearity between port-development and ﬂood effects
One challenge of this study was the statistical collinearity between 2011 and 2013 ﬂooding events and port-development,
not due to any physical-similarity in their functional relationship with dolphins, but due to the co-occurrence in time of the
third largest ﬂood event ever recorded in the area and the onset of port-development. Both disturbances were anticipated to
have an effect, and so we employed a WAIC-based model-averaging and model-selection approach (Clyde et al., 2011) to help
provide evidence in favour of including one covariate or the other, or none. The posterior inclusion probabilities for portdevelopment were consistently high on most demographic processes, unlike ﬂooding, which had near-zero posterior inclusion probability.
Therefore, despite the statistical collinearity between ﬂooding and port-development, the outcomes from the analyses
indicate that in the short-term port-development was more important. Furthermore, we see that some derived quantities
(such as abundance and recruitment) seem to vary strongly according to the onset and conclusion of port-development. For
instance, those years mark the transitions between declining and increasing population trends. The number of female recruits
sharply spiked in 2012, following a decline in port development activities, and in 2014 after the construction activities in the
port were completed. Finally, a slight decline was detected in the probability of transition from the Fitzroy River to Port Curtis
between 2011 and 2013. In contrast transition probabilities from Port Curtis to the Fitzroy River declined below 0.05 after 2011
and remained at lower level for the rest of the study.
The increasing frequencies of major ﬂoods recorded in the Fitzroy River was a-priori believed to be the most important
covariate given the link between peak mortality of inshore dolphins in Queensland and periods of elevated freshwater
discharge (Meager and Limpus, 2014). However, there was no quantitative support for ﬂooding as an important explanatory
variable. One statistical reason could be that we were unable to ﬁnd an adequate mathematical operationalization of ﬂooding
that matched the biological and ecological effects on dolphins, for example, if detrimental effects like the mobilization of
toxins or low salinity were lagged in time (Fury and Harrison, 2011). Extreme weather events can cause indirect effects
through losses in ecosystem services and water quality (Talbot et al., 2018; Nowicki et al., 2019). These effects are less evident
and more difﬁcult to include in the modelling process but can have a more subtle and long-term slow effects. (Pirotta et al.,
2015a).
4.3. Sex speciﬁc population demographic parameters
Sex was the variable with strongest posterior support according to WAIC weights, even though our individual assignment
was approximate (for the males). The transition probabilities of humpback dolphins between Port Curtis and the Fitzroy River
were extremely low for both sexes (g between 0.05 and 0.1), suggesting that these are highly segregated communities. These
results support our prior knowledge suggesting the existence a single large genetic population (Parra et al., 2018) divided into
two separated social communities with limited interactions (Cagnazzi, 2011). Interestingly for both communities and sexes,
the average probabilities of temporary emigration into unknown areas (Mean l ¼ 0.11) showed no temporal variation and
were consistently higher than transition probabilities between sites. The Fitzroy River and Port Curtis study area cover only
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part of the entire area used by both communities, which extend respectively to Keppel Bay in the North, and Rodds Peninsula
in the South (Appendix A, Fig. A.1) (Cagnazzi, 2011).
In both Fitzroy River and Port Curtis the abundance of females was signiﬁcantly greater than estimates for males and
unsexed individuals. The sex ratio was similar between sites suggesting an average of 2.3 females to every male and unsexed
individual. The skewed ratio was concordant but lower than that reported for humpback dolphins in North West Cape (4:1),
Western Australia (Hunt et al., 2019), and in Moreton Bay (3.6:1), Queensland (Hawkins et al., 2020).
In both sites, females had higher site ﬁdelity, as manifested in the estimates with lower recruitment (~0 per year with the
exception of 2012 and 2014) and higher apparent survival, whereas males and unsexed dolphins seem to be more transient
(lower apparent survival/higher permanent emigration, higher inﬂux of new males and unsexed). The higher constant yearly
recruitment (~5 individuals per year) and lower apparent survival rate (which is confounded with permanent emigration
rate) suggest that males and unsexed dolphins may move over larger areas than females and may therefore be less often
available for capture.
A wider scale analysis of sex-biased dispersal along the east coast of Queensland indicated limited male biased dispersal,
but overall there was no strong genetic signal (Parra et al., 2018). Sexual segregation in humpback dolphins has been also
reported in Moreton Bay, Queensland (Hawkins et al., 2020). In Australia, differences in sex dispersal in favour of males have
been documented also for Indo-Paciﬁc bottlenose dolphins (Tursiops aduncus) using both genetic (Moller and Beheregaray,
2004) and photo-identiﬁcation data (Sprogis et al., 2016b).
Male-mediated dispersal and higher female philopatry is typical in many populations of marine mammals. Evolutionary
explanations for male sex dispersal include local male competition (Dobson, 1982), inbreeding avoidance (Wolff, 1993) and
resource competition (Greenwood, 1980). The higher philopatry shown in females may be advantageous for rearing offspring,
avoiding predators and conﬂicts with males (Connor et al., 2001; Fury et al., 2013). However, philopatric individuals are more
prone to be affected by sudden environmental and anthropogenic changes, with implications for ﬁtness, and population
dynamics.
Overall, our results show a signiﬁcant decline in the number of females but not in male and unsexed individuals in a period
of extreme environmental pressures. The female decline seems to be in discordance with their higher estimates of apparent
survival compared to male and unsexed. However, the population viability of inshore dolphins is mostly affected by changes
in reproductive rates, whereas adult survival can remain high and constant even in declining populations (Manlik et al., 2016).
4.4. Population estimates and trends
Abundance estimates of males and unsexed individuals for both regions were stable in Port Curtis at around 23.1 individuals, and only slightly declined in the Fitzroy River from 22.2 (95%CI ¼ 15.2e31.1) to 14.4 (95%CI ¼ 6.51e26.3). The
recruitment was low but occurred consistently at a much higher rate in Port Curtis (Mean j ¼ 5.2) than in the Fitzroy River
(Mean j ¼ 4.2). The detection of any trend in abundance of males and individual of unknown sex is hindered by the high
posterior variance in the estimated time-series of abundance, because of the small sample size. Currently, the model results
indicate that there has been no appreciable trend in the abundance of males and unsexed individuals.
The average abundance estimates of female humpback dolphins using Port Curtis declined from about 56.8 (S.E. ¼ 3.2) in
2007 to 37.9 (S.E. ¼ 3.7) in 2011. The model-average results suggest that the decline was the result of the combination of two
factors: low recruitment (Mean j ¼ 0.5, S.E. ¼ 0.85) and a consistent attrition by permanent-emigration and/or mortality. The
lowest abundance of females (N ¼ 37.4, S.E. ¼ 4.1) in Port Curtis was recorded in 2011. Since capture probabilities in Port Curtis
were similar across years (Mean p ¼ 0.26, S.E. ¼ 0.02), and because geographic ﬂows between the different states was low and
apparent survival was high, one interpretation is that the estimated decline in abundance was mainly due to a real decline
(including permanent emigration) rather than a temporary geographic shift of individuals within the area. This hypothesis is
supported by the conﬁrm record of ﬁve carcasses of humpback dolphins in Port Curtis in 2011, whereas only one dead
humpback dolphin was found in Port Curtis from 2007 to 2010 (Greenland and Limpus, 2007; Meager et al., 2012).
The lowest abundance estimates of female humpback dolphins in Port Curtis coincided with the start of the port
development and the largest ﬂood recorded in the study period. The same year, a mass mortality of green sea turtles in Port
Curtis was linked to concurrent impacts of port development, ﬂooding and exposure to toxins and pathogens (Flint et al.,
2015). An investigation into the health of local ﬁsh concluded that ﬂooding was the primary factor in the records of a
wide range of ﬁsh species dead or with skin diseases (Stephen et al., 2013). That study however could not rule out the
possibility that port development provided additional stress to the ecosystem.
Abundance estimates of females increased in 2012 and 2014 after a large and sudden increase in the annual number of
females entering the system (Mean of 10.8). The two peaks coincided with the return to normal conditions of the ﬁsh health
in Port Curtis (Stephen et al., 2013) and with the conclusion of port development activity in September 2013. By 2016, the
number of female humpback dolphins using Port Curtis returned to values similar to the beginning of the study.
Although viable populations can be found in proximity to busy ports, sudden changes in the environment can elicit
signiﬁcant behavioural responses by dolphins even in areas with high baseline levels of anthropogenic disturbance (Hawkins
et al., 2017). Short term behavioural responses and population decline have been linked to general dredging activities (Todd
et al., 2015) including sustained high level boat trafﬁc (Pirotta et al., 2015b; Marley et al., 2017) and increasing underwater
noise pollution (Liu et al., 2017; Wisniewska et al., 2018). In Aberdeen Harbour, Scotland, Bottlenose dolphins (Tursiops
truncatus) left the harbour as the intensity of dredging activity increased (Pirotta et al., 2013).
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The large scale environmental stress which affected Port Curtis in 2011 resulted in an unusual and prolonged large-scale
aquatic animal disease and mortality event (Dennis et al., 2016). Port development operations can also affect the behaviour of
potential dolphin prey species (Wilber and Clarke, 2001). For example, ﬁshes can use antipredator responses, such as shift in
distribution, to generalized external threatening stimuli unrelated to predators. Therefore, loud noises and rapidly
approaching objects can temporarily compromise the quality of the foraging patch by forcing ﬁshes to leave the area (Frid and
Dill, 2002). In 2011, humpback dolphins in Port Curtis may have been forced to leave the area during periods of highest port
development activities and move to other less impacted feeding areas outside the port boundaries, only to return when the
port development activities decreased.
In the Fitzroy River, abundance estimates of females declined from 56.3 (S.E. ¼ 2.84) in 2007 to 38.5 (S.E. ¼ 3.42), in 2011. In
Port Curtis and also in the Fitzroy River, abundance estimates of females increased in 2012 and remained stable until 2014,
coinciding with the sudden increase in the annual number of females entering the system (j ¼ 8.1). In contrast to trends in
Port Curtis, in the Fitzroy River in 2015 the number of females declined reaching the lowest estimates in 2016 since the
beginning of the study (N ¼ 29.9, S.E. ¼ 4.1, 95%CI ¼ 22.6e38.3). Capture probabilities in the Fitzroy River showed a general
declining trend, whereas movement to an unknown location remained constant, which suggests that the observed decline in
the number of females could be due to a real decline in abundance.
Between 2008 and 2015, the Fitzroy River experienced an unprecedented series of ﬂooding events. The 2008 ﬂood was the
ﬁrst major ﬂood recorded since 1991, followed by a second ﬂood in 2010. In 2011, the Fitzroy River recorded the third largest
ﬂood since 1954 that was followed by an alternating series of moderate (2012, 2014, and 2016) and major (2013 and 2015)
ﬂooding events. By the end of this cycle, the number of females dropped to about 50% of starting estimates.
Although our model did not identify ﬂooding as an explanatory covariate, the temporal relationship between ﬂooding and
female abundance cannot be overlooked. After extreme ﬂood events, ﬂood plumes from the Fitzroy basin have been shown to
cover hundreds of kilometres in a north-west direction (away from Port Curtis), with severe impact on water quality and
benthic and ﬁsh communities (Jones and Berkelmans, 2014) affecting potential prey and habitat availability for humpback
dolphins.
This lack of food and habitat availability as a result of sudden external pressures may force mothers and calves to seek new
foraging grounds, which results in an increasing risk of predation and in higher energetic costs for movements to a new
location, for local resource assessment and for resource competition. Limited food availability (Fury and Harrison, 2011),
increasing risk of infectious diseases (Fury and Reif, 2012) associated with poor water quality, and accumulation of high levels
of anthropogenic contaminants (Cagnazzi et al. 2013a, 2020) may compromise the ﬁtness of dolphins that remain in proximity of the impacted area. When repeated over the time and across most individuals in a population, this can translate into a
change in the population dynamics, including long-term decline in survival and reproduction (Wild et al., 2019).
The opposite trend recorded for female humpback dolphins at the two sites after 2011 can be explained with higher
recruitment of females in Port Curtis in 2012 and 2014. The potential biological removal (PBR) estimated for humpback
dolphins in the Fitzroy River (PBR ¼ 2.21, recovery factor ¼ 0.5) and Port Curtis (PBR ¼ 1.61, recovery factor ¼ 0.5) (Parra and
Cagnazzi, 2016) indicate that even a small difference in the number of deaths per year if not balanced by recruitment, could
have signiﬁcance consequences for the viability of local dolphin populations.
4.5. Conclusions
The modelling process indicated that port-development, rather than ﬂooding, was the most important factor explaining
trends in population size, apparent survival, movement, and capture probabilities of humpback dolphins in the study area. We
had anticipated ﬂooding to be an important factor, especially given previous studies that suggest at casual mechanisms.
Disentangling the correlated effects of ﬂooding and port-development is difﬁcult as in some years both are closely overlapping in time and may lead to similar ecological degradation impacts, such as water pollution and a decline or variation in
prey resource distribution. We did our best to try to design covariates that were as non-correlated as possible, but the
fundamental relationship exists, and this cannot be explained away completely with post-hoc modelling.
Our study highlights sex differences in site ﬁdelity, and a signiﬁcant decline in female humpback dolphins, but not in male
and unsexed individuals. Our interpretation is that female humpback dolphins may use these sheltered waters as nursery
areas, in which case females and calves are more susceptible than males to changes in the environment.
All climate models forecast an increase in the frequency and intensity of cyclones, heavy rain and ﬂoods in the region
(Abbs, 2010). The port capacity along the GBR coast is expected to further expand to support the predicted growth in
Queensland’s annual coal production (Grech et al., 2013). The GBR is exposed to diverse threats, including agriculture, mining,
ﬁshing, tourism, boating and urban development, climate change, declining water quality, diseases and pest species, and
marine debris. Populations of humpback dolphins and of other sympatric threatened species like the Australian snubﬁn
dolphin (Orcaella heinsohni) may be at risk of decline in many areas along the GBR (Cagnazzi et al., 2013b) where environmental conditions are similar to those described in this study.
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