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The Australian cownose ray (Rhinoptera neglecta) is an understudied batoid

that occurs along Australia’s north and east coasts. Currently classified as Data

Deficient on the IUCN Red List of Threatened Species, major knowledge gaps exist

regarding the species’ geographic range, habitat use and the drivers influencing

its presence in coastal Australian waters. Sightings of R. neglecta were collected

during systematic aerial surveys conducted along 980 km (∼47%) of the New

South Wales (NSW) coastline between 2017 and 2019. North-bound surveys were

flown 500m o�shore, whilst return surveys were flown along the beach/sea

interface (inshore or nearshore). Using generalized additive models and a set

of nine predictors, we examined the relationship between the spatio-temporal

occurrence of R. neglecta, their group size and the biophysical environment at

the southernmost extent of their distribution. Results for the presence/absence

(44.20% deviance explained) and group size of R. neglecta observed o�shore and

inshore (42.58 and 41.94% deviance explained, respectively) highlighted latitude,

day of year, sea surface temperature, rainfall, wind speed, and wind direction

as common influences to the three models. The models indicated R. neglecta

were more likely to be present in the northern half of NSW during spring and

summer months. However, larger group sizes were more likely to be observed

in more southern regions during the same seasons, regardless of whether they

were observed o�shore or inshore. Group size is also likely influenced by more

localized conditions, such as SST and tidal flows. This study represents the largest

attempt to date to decipher the spatial ecology of R. neglecta and provides insights

into the spatio-temporal distribution and relative abundance of the species along

the full extent of the NSW coastline, extending the species’ known distribution by

over 70 km southward.
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1 Introduction

Understanding the distribution and habitat use patterns

of elusive marine species is key to informing effective

management and conservation strategies. This is especially

true for elasmobranchs, which have conservative life histories and

are facing unprecedented pressure from anthropogenic activities

(1). The distribution, movement, and behavior of elasmobranchs

are often complex and difficult to elucidate due to the myriad of

potential biotic and abiotic drivers of habitat use (2, 3). Biotic

influences encompass the need to forage and find suitable prey

(4–6), predator avoidance (7), reproduction (8), and symbiotic

relationships (9, 10). In addition, a range of abiotic factors can also

influence the occurrence and behavior of elasmobranchs, including

sea temperature (11, 12), tidal and lunar cycles (9, 13–15), salinity

gradients (16, 17), rainfall (18, 19), barometric pressure (20, 21),

and dissolved oxygen (22).

In coastal ecosystems, oceanographic processes, such as western

boundary currents (e.g., the East Australian Current, EAC) regulate

local abiotic factors, including sea temperature and current

velocity, whilst also influencing nutrient enrichment via upwelling

events (23, 24). Along Australia’s east coast, these oceanographic

processes are known to influence the distribution andmovement of

elasmobranchs (25–27). For example, manta rays (Mobular alfredi)

exploit productive waters upwelled by a mesoscale eddy that forms

as the EAC flows past the southern Great Barrier Reef (5, 9,

25). Considering the projected environmental impacts of climate

change (28, 29), identifying the drivers of species’ distributions

is imperative for the development of management strategies to

protect vulnerable populations or life stages (e.g., gravid females or

juveniles) and evaluate how their distributions and behaviors may

shift with changing oceans.

The Rhinopteridae (cownose rays), Aetobatidae (eagle rays),

and Mobulidae (devil and manta rays) families of the order

Myliobatiformes (Chondrichthyes: Batoidea) are often referred to

as pelagic rays, as they typically occupy epipelagic waters (30,

31) and use coastal regions to forage (32) or for courtship and

reproduction (33). Cownose and eagle rays are durophagous taxa

and frequently aggregate in groups or “fevers” that can range

from just a few individuals to thousands of rays (34, 35). For

example the American cownose ray, Rhinoptera bonasus, has

been observed in groups comprising several thousand individuals

(36, 37). Whilst the function of these aggregations likely varies

spatially and temporally for each species, the formation of groups

inevitably influences the distribution and behavior of these rays.

Therefore, understanding the function of aggregations and how

they influence the distribution and movement of species may

provide vital information on biological processes such as the

location ofmating, pupping, or foraging grounds, and intra-specific

patterns of habitat use.

Due to the unpredictable and transient behavior of some

durophagous pelagic rays, there are few opportunities for

observations and field research. As a result, there is a limited

understanding of the basic biology and ecology of many species,

particularly relating to their habitat use and movement, impeding

their management and conservation (38). Typically, the coastal

occurrence of durophagous rays is seasonal, with observations

occurringmost often during warmermonths (34, 39–41). However,

the occurrence and movement of durophagous rays is complex and

can vary between ocean basins and conspecifics (42–46). To date,

there have been no large-scale studies focusing on durophagous

pelagic rays for the south-western Pacific Ocean.

The Australian cownose ray (Rhinoptera neglecta) (47) is a

pelagic ray that primarily occurs along the north and east coasts

of Australia and in the Indo-Pacific region (30, 38). The species is

currently classified as Data Deficient on the International Union

for the Conservation of Nature’s Red List of Threatened Species,

with substantial knowledge gaps pertaining to its biology, life

history, behavior, distribution, and habitat use (38). Recent stable

isotope analyses revealed an overlapping isotopic niche with A.

ocellatus, likely due to their co-occurrence along the east coast of

Australia and similar foraging ecologies (48). Seasonal variations of

R. neglecta occurrence along sections of Australia’s east coast have

previously been reported using fishery catch rate data (41, 49, 50)

and a regionally limited study using drones (35). However, the

species’ relative abundance and drivers of occurrence have not

been explored across larger latitudinal scales such as the east coast

of Australia.

This study examined trends in the seasonality, spatio-temporal

distribution, and relative abundance of R. neglecta observed

along the coast of NSW during multi-year helicopter surveys

operated via the state government. Using three generalized additive

models, we assessed the drivers (temporal, spatial, oceanographic,

meteorological, and tidal predictors) influencing (1) the presence-

absence of R. neglecta along the coast of NSW, (2) the estimated

group size ofR. neglecta observed during offshore aerial surveys and

(3) the estimated group size of R. neglecta observed during inshore

aerial surveys.

2 Materials and methods

Observation data used in this study were obtained through

marine wildlife monitoring helicopter surveys under the auspices

of the NSW Department of Primary Industries (DPI) Shark

Management Strategy to mitigate shark-human interactions

(https://www.sharksmart.nsw.gov.au). All flights were covered by

appropriate animal care and ethics through the NSW DPI Animal

Care and Ethics Committee permit number 16/09.

2.1 Aerial surveys and R. neglecta sightings

From January 2017 through June 2019, sightings of R.

neglecta were recorded by trained observers during 935 longshore

helicopter surveys (Figure 1). Surveys were flown over seven

regions along the NSW coastline (Figure 2) covering a total of

approximately 980 km (∼47%; Table 1). Each of the seven regions

were flown by independent helicopters and crews who had received

extensive marine wildlife identification training and were regularly

accompanied by NSW DPI Fisheries staff with long-term aerial

survey experience. Observers identified R. neglecta based on

their golden colouration and unique body/head shape. Surveys

were primarily done during NSW school holidays, which occur

approximately every 10 weeks (Supplementary Table S1).
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FIGURE 1

Images of (A) an observer using the purpose-built iPad application in a helicopter during a north-bound aerial survey, looking toward the coast and

(B) a large group of Rhinoptera neglecta observed from a helicopter during an aerial survey.

Survey flights were conducted once a day, starting at 07:30,

and consisted of a north-bound and south-bound leg covering the

same stretch of coastline. Flights began with the north-bound leg

which was flown 500m offshore to enable a search of the area

immediately beyond the last line of waves (known as the “backline”

by surfers). During the north-bound leg, observers looked toward

the coast from the front left seat to reduce the effect of sun glare

whilst ensuring the maximum 300m strip width recommended by

Robbins et al. (51). On completion of the north-bound leg, the

helicopter landed to allow the crew to rest and refuel the helicopter,

plus allow animal movement in and out of the transect strip width.

After an hour, the south-bound leg, with a track line over the beach,

was initiated with the observer facing seaward from the front left

seat and searching inshore (or nearshore) within a 300m strip

width from the beach out to sea. Duration of flights were dependent

on the stretch of coastline surveyed for each region, with the max

flight time for a single north- or south-bound leg ranging from

50min in smaller regions (e.g., regions 2 and 7) to 2.5 h in larger

regions (e.g., regions 5 and 6; Table 1). Survey flights were weather

dependent, and data were only collected when sea state was less

than category 4 on the Beaufort scale to ensure wind-induced white

caps were not a hindrance for observer identification of marine

wildlife [see (52)].

Helicopters were flown at an average speed of 100 knots

(185 km h−1) and altitude of 500 feet (152m). Observers used

an iPad (Apple, United States, www.apple.com) and a purpose-

made data collection application known as “SharkSmart PRO,”

to record sightings of R. neglecta. Date, time of day, latitude,

and longitude were autogenerated for each sighting and estimates

of group size (as a numeric value) and notes of weather and

environmental conditions were logged in real time for each sighting

by the observer.

Sighting data were subject to quality control processes to

remove entries with missing fields, seemingly incorrect location

coordinates (e.g., where the reported sighting location fell over

land), or cases of ambiguous estimates of group size (i.e., where
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FIGURE 2

Map of the New South Wales coast highlighting the seven regions

where helicopter survey flights were conducted from January 2017

through June 2019. Black dots represent sightings of Rhinoptera

neglecta (n = 1324). Region 1 – Tweed Heads to Ballina; region 2 –

Wooli to Co�s Harbor; region 3 – Nambucca Heads to Port

Macquarie; region 4 – Crowdy Head to Birubi; region 5 – Stockton

to south Wollongong; region 6 – south Wollongong to Moruya, and

region 7 – Bega to Eden. See Table 1 for additional information for

each region.

no numeric value was supplied). In total of 1,324 sighting records

were retained and compiled in a dataset, hereafter referred to as

group size data, which included all sightings of R. neglecta from

all survey regions, each with corresponding sighting data (date,

time, latitude, and longitude), group size estimate, and whether

the sighting occurred during the north- or south-bound leg. To

assess trends in sightings and account for variations in the size of

regions, the average number of sightings per kilometer flown were

calculated for each region as well as for the offshore and inshore

surveys of each region.

To analyse R. neglecta occurrence, a presence-absence dataset

was compiled using the sighting records and a schedule of

helicopter survey flights for each region. For each daily survey

flight conducted in each region, a score of 1 or 0 was allocated

depending on whether a sighting of R. neglecta had been recorded

(1 indicated the presence of R. neglecta on said date in the region

of interest and 0 represented the absence of R. neglecta). Where

the species was present (at least one individual observed), the

corresponding sighting data were retained. For consistency, in cases

of multiple sightings per day for a single region, only the data of the

earliest sighting of the day were used to extract environmental data.

Since time and location were autogenerated by the “SharkSmart

PRO” application for each sighting, absence records did not have

a corresponding time or location. For all absence records, location

was approximated as the median latitude for the corresponding

region, with longitude occurring within 500m of the coastline, as

would be surveyed by the helicopter crews.

2.2 Predictors

A suite of predictor variables were sourced for each sighting

record in the presence-absence and group size datasets to identify

seasonal trends and potential drivers of R. neglecta occurrence and

group size along the NSW coast. Since the location of absence

records was the same latitude and longitude for each of the seven

regions, only environmental predictors that did not rely on fine-

scale location could be used with the presence-absence dataset.

Time of day was not considered as a predictor because flights only

occurred in the morning. As a result, seven and nine environmental

predictors were sourced for the presence-absence and group size

datasets, respectively (Table 2).

Day of year was derived from the Julian day calendar and has

the capacity to infer monthly and austral seasonal trends, where

summer is December to February, autumn is March to May, winter

is June to August and spring is September to November.

Latitude has been correlated to occurrence and distribution

patterns of numerous species, including sharks and rays with large

spatial distributions (19, 54, 55). The NSW coast spans ∼9o of

latitude in a temperate zone that is heavily influenced by local

and mesoscale (i.e., the EAC and its eddy field) processes (56, 57).

Therefore, it was presumed the ecology of R. neglecta may be

influenced by latitude and any associated fine-scale environmental

processes occurring within the∼2,100 km length of coastline.

Daily interpolated remotely sensed sea surface temperature

(SST) at 9 km resolution, sourced from the Integrated Marine

Observing System (www.imos.org.au), were extracted using the

extractEnv() function of the “remora” package (53). The date and

location of each sighting record within the presence-absence and

group size datasets were used to extract the corresponding SST.

Tide data were collected for a representative station within each

region (Supplementary Table S2) from the XTide Prediction Server

(https://tides.mobilegeographics.com/). The maximum daily tidal

range (difference between the maximum and minimum daily tide

heights) was calculated for each sighting record, and the time to

the nearest high tide was determined using the time of day for each

sighting. Moon phase was also considered as a predictor, however,

those data strongly correlated with the tidal range data and were

subsequently excluded from the models.
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TABLE 1 Regions and distances surveyed along the New South Wales coastline where aerial surveys were conducted.

Region Location Coordinate boundaries Distance flown per day
(km)∗

Number of survey
flights conducted

1 Tweed Heads to South Ballina 28.16◦S, 153.70◦E to 28.94◦S,

153.69◦E

208 197

2 Wooli to Sawtell 29.85◦S, 153.507◦E to 30.38◦S,

153.20◦E

146 128

3 Nambucca Heads to Port

Macquarie

30.64◦S, 153.10◦E to 31.43◦S,

153.05◦E

228 143

4 Crowdy Head to Birubi 31.84◦S, 152.90◦E to 32.79◦S,

152.35◦E

334 170

5 Stockton to South Wollongong 32.90◦S, 152.00◦E to 34.47◦S,

151.03◦E

404 73

6 South Wollongong to Moruya 34.47S, 151.03◦E to 35.91◦S,

150.30◦E

490 117

7 Bega to Eden 36.70◦S, 150.14◦E to 37.08◦S,

150.08◦E

150 107

Details of survey flight schedule for each region are provided in Supplementary Table S1. ∗Distance flown comprises both north-bound and south-bound legs of the daily surveys.

TABLE 2 Summary of predictors used in the generalized additive models with a brief description of each predictor, its data source, units, and which

model the predictor was used in.

Predictor Description Source Units Model

Temporal

Day of year Julian day (i.e., 1 to 365) Julian day calendar d 1, 2, 3

Spatial

Latitude Geographic coordinate Sighting data Decimal degrees 1, 2, 3

Distance to estuary Least-cost distance between sighting and the

nearest estuary

Computed in R km 2, 3

Environmental

SST Interpolated remotely sensed sea surface

temperature at 9 km resolution with a buffer of

15 km

IMOS via “remora” package ◦C 1, 2, 3

Tidal range Difference between daily min and max tide heights XTide Prediction Server m 1, 2, 3

Time to high tide Time to the nearest high tide XTide Prediction Server Decimal hours 2, 3

Wind speed Wind speed Australian BoM km h−1 1, 2, 3

Wind direction Wind direction Australian BoM degrees 1, 2, 3

Rainfall Cumulative daily rainfall for 3 days prior to

sighting

Queensland Government SILO mm 1, 2, 3

Model refers to which model the response variable was used, either the (1) occurrence, (2) offshore or (3) inshore group size of Rhinoptera neglecta. IMOS, Integrated Marine Observing System;

BoM, Bureau of Meteorology. “remora” package (53).

Nutrient loading and estuarine output is suggested as a possible

reason for variation in faunal assemblages off beaches in northern

NSW (58). To assess whether this could be a factor influencing

group size of R. neglecta, the shortest, least-cost distance to the

nearest estuary (in both north and south directions) was computed

in R (59) using the latitude and longitude of each sighting record

and a high-resolution shapefile of NSW estuaries (60).

Rainfall was selected as a proxy for fluctuations in estuarine

productivity and subsequent prey availability, under the

presumption that higher rainfall would result in increased

riverine output and nutrient loading within nearby estuaries,

which may influence local sightings of R. neglecta. Along the east

coast of Australia, rainfall influences the abundance and movement

of other elasmobranchs (e.g., manta rays and bull sharks) up to

eight days after a heavy rainfall event (5, 18, 19, 61). As such, the

cumulative rainfall for the seven days prior to each sighting was

extracted from the Queensland Government’s SILO database daily

rainfall product (62) in R. The date and location (with a 5 km

buffer) for each sighting were used to extract the corresponding

rainfall data.

Wind data were obtained from the Australian Bureau of

Meteorology (BoM) using a representative weather station for each

region (Supplementary Table S2). BoM’s three-hour synoptic data

provided wind speed and wind direction for the closest hour to each

sighting record, except for region 3 and 4, where data were only

available for 09:00. Wind direction was measured in degrees and

Frontiers in Fish Science 05 frontiersin.org

https://doi.org/10.3389/frish.2023.1323633
https://www.frontiersin.org/journals/fish-science
https://www.frontiersin.org


Chan et al. 10.3389/frish.2023.1323633

indicated the direction from which the wind was blowing. Values

of 0 and 360 degrees represent winds coming from the north (i.e.,

northerly winds or winds blowing southward).

2.3 Modeling approach

Generalized additive models (GAM) were used to assess the

effect of predictors on the occurrence and group size of R. neglecta

using the “mgcv” R package (63). Correlations between each of

the environmental predictors for each of the datasets were assessed

(Pearson correlation coefficient) and predictors were only retained

if the correlation coefficient was ≤ 0.6 and if there were no

strong non-linear correlations visible in raw scatterplots to ensure

predictors were not highly correlated with each other.

2.3.1 Model 1: occurrence of R. neglecta along
the NSW coast

Model 1 used the observed presence or absence of R. neglecta

along the NSW coast for each survey day as the response variable,

with a log transformed offset of distance flown per day (Table 1),

a logit link function and binomial error structure. The resulting

occurrence model had the following structure:

g (E (Y)) = β0+ f 1 (x1) + f 2 (x2) + . . . + fi (xi)

Where g represents a link function, β0 is the intercept and f i(xi) is

a smoothing function for each variable with either the default thin

plate regression spline or a cyclic cubic regression spline, depending

on the nature of the data. See below for rationale on spline choice.

2.3.2 Model 2 and 3: o�shore and inshore drivers
of R. neglecta group size

Due to differences in the track line of north- (500m offshore)

and south-bound (along the water/beach interface) legs and a

statistically significant difference in group size estimates between

legs [GLMM with observation level random effect (64): estimate

= 0.20, standard error = 0.08, Z = 2.36, P = 0.018; DHARMa

nonparametric dispersion value = 0.87, P = 0.688; “DHARMa”

package (65); Figure 3], these data were analyzed as two separate

models. The north-bound data were used in model 2 (herein

referred to as the offshore model) whilst the south-bound data

were used in model 3 (herein referred to as the inshore model).

These models used the estimated group size for each R. neglecta

sighting as the response variable, with a log transformed offset of

region length (i.e., the distance flown per survey leg; Table 1), a

negative binomial error structure (to account for overdispersion)

and log link function. These models were generalized additive

mixed models (GAMM) and included two random effects. The first

was called “observer group” to account for potential observer bias

in estimating group size, but this also incorporated some regional

effects since each region had its own crew of observers. The second

was “survey” to account for non-independence of sightings that

were recorded during the same aerial survey flight (i.e., on the same

day and in the same region).

The offshore and inshore group size models had the

following structure:

g (E (Y)) = β0+ ai+ f 1 (x1) + f 2 (x2) + . . . + fi (xi)

Where g represents a link function, β0 is the intercept, αi represents

random effects (i.e., observer group and survey) and f i(xi) is a

smoothing function for each variable (either the default thin plate

regression spline or a cyclic cubic regression spline).

To build each model, initially a null model and single-variable

models for each predictor (Table 2) were constructed. Based on

the single-variable models, predictors that were significant (P = <

0.05) were compared to the null model using Akaike Information

Criterion (AIC) scores. The predictor with the lowest AIC score

was incorporated into the model (Supplementary Table S3) and

a Pearson correlation test was used to assess the predictor’s

relationship with all remaining predictors (accepted level of

correlation: correlation coefficient ≤ 0.6). This was repeated for

all predictors until the AIC scores of remaining predictors were

higher than the preceding model, at which point all predictors

yet to be added to the final model were excluded to achieve

parsimony. Latitude and day of year were incorporated into

the models as an interaction with a full tensor product spline

because differing environmental conditions are expected between

latitudinal bands and seasons. Cyclic predictors such as day of year,

wind direction, and time to high tide had cyclic splines applied in

all models. Knots for all predictors were originally set to 5 to avoid

overfitting and were adjusted where necessary to optimize fitting

(Supplementary Table S3). To calculate the individual contribution

of predictors in the final model, the deviance explained of themodel

without the predictor was deducted from the deviance explained of

the full model whilst maintaining the smoothing parameter of the

predictor of interest.

3 Results

3.1 Survey e�ort

A total of 935 helicopter survey flights, each with a north-

and south-bound leg, were conducted across the seven coastal

regions of NSW from January 2017 through June 2019. The

number of survey flights varied between regions and seasons

(Figure 4). Region 1 had the highest total number of flights

(197) whilst region 5 had the fewest (66). Flights were most

frequent during summer and autumn because the high volume of

beachgoers during these seasons prompts more consistent flight

schedules (Supplementary Table S1). During summer, the number

of flights was highest in regions 7 and 6; however, no flights were

conducted in these regions during winter and spring or in region 5

during winter.

3.2 Presence of R. neglecta along the NSW
coast

Rhinoptera neglecta were present along the NSW coastline

during 41.39% of the total survey flights conducted across the

seven regions (R. neglecta were present on 387 days). Most of
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FIGURE 3

(A) The total number of Rhinoptera neglecta sightings (n = 1324) with total distance flown (each north- and south-bound survey legs combined)

throughout the study period for each region and (B) group sizes (on a log10 transformed y-axis) estimated by observers per region and season,

pooled across all years. Black boxes represent groups observed inshore (during south-bound legs of survey flights) and gray boxes indicate groups

observed o�shore (during north-bound legs). Box plots depict the median (white line), inter-quartile range (25th and 75th percentile as bottom and

top of box, respectively), 95% confidence intervals (vertical whiskers), and outliers (points).

the sightings occurred in the northern half of NSW, in region

1, 4, and 2 (95, 94, and 90 occurrences, respectively). However,

regions 2 and 4 had the highest percentage of sightings per

flights conducted (70.31 and 55.29% of each respective region’s

flights). R. neglecta were present during only 12.46% of the

flights conducted in regions 5, 6, and 7 combined. No R.

neglecta occurred in region 7 even though 107 survey flights

were conducted.

There were clear seasonal patterns in the species’ presence

along the NSW coast (Figure 4). During summer, R. neglecta were
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neglecta were present along the coast of New South Wales and gray bars represent flights where Rhinoptera neglecta were not observed.

observed most often in regions 2, 3, and 4 (48 to 51 sightings each).

The same regions also had the highest percentage of sightings per

flights conducted during summer (region 2 = 94.44%, region 3 =

82.76%, and region 4 = 71.01%), whilst region 1 and 6 had the

lowest percentage of sightings per flights conducted (33.93% of

56 flights and 11.43% of 70 flights, respectively). During winter,

the presence of R. neglecta was highest in region 1 (74.07% of

54 flights) and decreased as the regions progressed southward

(Figure 4).

3.3 Drivers of R. neglecta presence along
the NSW coast

The final iteration of the occurrence GAM retained the

interaction between day of year and latitude, wind direction,

rainfall, SST, tidal range, and wind speed (Figures 5A–F) and

explained 44.20% of the deviance in the presence-absence of R.

neglecta along the coast of NSW. The interaction between day

of year and latitude contributed the majority of the deviance

explained (38.21%; Figure 5A), followed by wind direction (9.03%;

Figure 5B) and rainfall (1.78%; Figure 5C), although only the

latitude and day of year interaction, and rainfall were significant.

All other predictors contributed < 1% each (Figures 5D–F;

Supplementary Table S4). The model indicated that R. neglecta

were more likely to be present in the northern regions of NSW

during warmer months (i.e., summer and spring), with very

few occurrences in the three southern regions throughout the

year (Figure 5A). The model also suggested the likelihood of

the species being present decreased with increasing rain in the

seven days prior to the aerial survey (Figure 5C) and increased

with winds coming from the northwest (270–360/0 degrees;

Figure 5B).

3.4 Sightings and group size of R. neglecta

During the survey flights that R. neglecta were present, the

species was recorded 1,324 times, with an estimated total of 92,597

R. neglecta individuals recorded. This value is likely an overestimate

since some groups and individuals may have been double counted

between survey legs. Overall, region 2 had the highest average

number of sightings per kilometer (0.23), with other regions

ranging 0–0.17 sightings per kilometer. When categorized by

season, there was a clear latitudinal trend in average sightings per

kilometer for summer, winter and spring, where sightings were

most frequent in northern regions and then decreased with the

southward progression of regions (Figure 6). Region 2 had the

highest average sightings per kilometer during summer, with more

sightings during the offshore survey leg. However, during autumn,

winter and spring, average sightings per kilometer were more

similar between regions 1 and 2 (Figure 6).

In every region, there were flights during which R. neglectawere

sighted multiple times. This occurred most often in regions 2 and 3,

where multiple sightings occurred during 74.44 and 73.24% of the

flights where R. neglectawere present. Themost sightings in a single

flight occurred in region 1, where 22 sightings (10 offshore and

12 inshore) yielded a total estimate of 2,989 individual rays (1,306

offshore and 1,683 inshore). The greatest number of sightings in a

single day across all regions was 28 (offshore only) and included

at least one sighting from regions 1–6. The maximum number of

R. neglecta observed on a single day across all regions was 6,791

individuals (5,101 offshore and 1,690 inshore) observed in regions

2–5. The majority of these rays were a single group estimated to

consist of 5,000 individuals observed in region 3.

Across all regions, the average (± standard deviation) estimated

group size was 70 ± 194 rays. The southernmost region where R.

neglecta were observed (region 6) had the highest average group

size of 131 ± 119 rays (from 17 sightings) and was higher than
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northern regions which had the highest frequency of sightings

and/or sightings per kilometer (region 1 average group size of 317

sightings = 108 ± 215 rays; region 2 average group size of 367

sightings= 23± 28 rays).

Sightings mostly consisted of groups comprising 11–99 rays

(51.81%), followed by groups with <10 rays (29.23%), and schools

up to 500 individuals (16.69%; Figure 7). Groups that consisted of

1000 and>1000 individuals made up 1.59% and 0.68% of sightings,

respectively. Groups of all sizes were observed in regions 1, 3, and 4

(Figure 7). Sightings in region 2, which had the highest number of

sightings per kilometer almost entirely (97.28%) comprised groups

of<100 individuals and there were no groups over 500 individuals.

There were distinct differences in sightings and group size

estimates between the inshore and offshore survey legs. Across all

regions, the majority of sightings occurred offshore (814 sightings;

61.48%; Figure 3A), which also had the higher average estimated
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group size (73 ± 229 rays) between the two survey legs (inshore:

510 sightings; average group size of 65 ± 115 rays). There were

also some seasonal trends in these sightings, where offshore group

size estimates were higher than those observed inshore for all

seasons except autumn. When considering region, region 6 had

the fewest sightings of R. neglecta (17 sightings) but 58.82% of

those sightings were groups comprising 100–499 individuals. This

resulted in region 6 having the highest median group size estimate

during summer and autumn (Figure 3B). Typically, median group

size estimates between inshore and offshore survey legs were

comparable, however, in some regions during specific seasons there

were substantial differences in group sizes (Figure 3B). The most

notable differences in group sizes between the inshore and offshore

survey legs were region 3 during winter and region 6 during

summer, where group size estimates were higher during inshore

surveys (region 3–101 and 3.5; region 6–200 and 50).

3.5 Drivers of R. neglecta group size along
the NSW coast

3.5.1 O�shore model
The GAMM assessing the drivers of R. neglecta group size

offshore (model 2) retained six predictors (the interaction of day

of year and latitude, SST, time to high tide, rainfall, tidal range, and

wind speed) in its final iteration (Figure 8A). The model explained

42.58% of the deviance in group size estimates of R. neglecta

observed during the offshore leg of aerial surveys along the coast of

NSW and all predictors were significant (Supplementary Table S4).

The day of year and latitude interaction, SST, and observer group

contributed the most deviance explained (28.76, 17.79, and 4.29%,

respectively; Supplementary Table S4). The remaining predictors

and random effect contributed < 2% each. To achieve parsimony,

wind direction was not included in the final model since the AIC

value of the model with wind direction was < 2 points lower

than full model and the predictor was non-significant. The model

indicated clear latitudinal and temporal patterns in R. neglecta

group sizes during offshore surveys. Larger groups of R. neglecta

were more likely to occur in southern regions during warmer

months and when water temperatures were cooler (Figure 8A).

3.5.2 Inshore model
The final iteration of the inshore group size model (model

3) was similar to the offshore model and retained the same six

predictors which were the interaction between day of year and

latitude, SST, time to high tide, rainfall, tidal range, and wind

speed (Figure 8B). The inshore model indicated similar latitudinal

and temporal trends in group sizes as the offshore model, such

that larger groups were more likely to occur in southern regions

during warmer months. The model also suggested larger groups

of R. neglecta were likely to occur inshore when wind speeds were

lower (<10 km h−1), during periods when tidal range was low (0.6–

0.8m) and in cooler waters, with group sizes reducing above 23oC.

The model explained 41.94% of the deviance in inshore group size

estimates of R. neglecta along the coast of NSW, with the day of year

and latitude interaction contributing the most (18.62%), followed

by wind speed (3.89%), tidal range (2.45%), and SST (2.18%). All

remaining predictors, including the observer group and survey

random effects, contributed < 2% and were all significant, except

for survey.

4 Discussion

This study represents the largest effort to date examining the

occurrence patterns of R. neglecta at the southernmost extent of

their known distribution. Using a multi-year aerial survey dataset

of R. neglecta sightings along the NSW coastline and a generalized

additive modeling framework, we analyzed the seasonal trends

and drivers of the species’ occurrence and group size to expand

on current knowledge of their ecology in this region. Our results
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FIGURE 8

Generalized additive mixed models assessing the drivers of Rhinoptera neglecta estimated group size during (A) o�shore and (B) inshore aerial

surveys. Predictors are presented in the same order for easy comparison of the models. The scale of the y-axis varies for each plot and represents the

relative e�ect of that predictor on the group size of R. neglecta. Dashes on x-axis shows the distribution of data and gray shaded areas represent the
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indicate that the presence of R. neglecta along the coast of NSW

is primarily dependent on latitude and occurs on a seasonal basis.

Similarly, the group size of R. neglecta also varied latitudinally,

whereby on average groups are larger in southern regions. However,

there can be a high abundance of rays in northern regions with

groups that can contain several thousand individuals. Whilst the

presence-absence and group size of R. neglecta are largely driven

by latitude and seasonality, other environmental variables may

influence occurrence patterns at finer scales (e.g., SST, rainfall, wind

speed, and tidal flows).

To date, the reported distribution of R. neglecta extends from

the tropical Indo-Pacific, along eastern Australia to Newcastle in

central NSW [32.930◦S; (30, 38)]. Additional anecdotal sightings

of the species have been reported by members of the public via the

Atlas of Living Australia (66) as far south as Sussex Inlet (35.150◦S).

The present study expands the known southern range of this poorly

documented species by over 70 km (straight line distance), with

sightings of R. neglecta as far south as 35.763◦S (Wimbie Beach,

Batemans Bay). Furthermore, this study supplies a baseline for the

relative abundance of the species throughout the NSW region and
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reports at least 5,101 individual R. neglecta observed in a single day

across all regions, during offshore surveys.

Tagliafico et al. (35) observed R. neglecta over a two-year period

along a ∼100 km of coastline in northern NSW (four of the five

monitored beaches lie within region 1 of the present study) and

recorded a total 5,979 R. neglecta. The largest observed group

contained 412 individuals and occurred near a river mouth (35).

The current study expands on the limited research regarding the

species’ relative abundance in northern NSW, reporting a total of

4,000 rays observed in region 1 on a single day (from offshore

surveys only) which included a group estimated to consist of

2,000 individuals. Tagliafico et al. (35) found wind speed had a

significant negative effect on the abundance ofR. neglecta in groups.

Wind speed was retained in all three of the models in the present

study and broadly, our results align with those of Tagliafico et al.

(35). We suggest that high wind speeds may decrease observer

visibility and observability of rays due to surface disturbance and

increased turbidity and/or the movement of R. neglecta offshore

into deeper water when the surf zone may be more turbulent.

Such weather conditions have been noted as issues in remotely

measuring movement and behaviors of other rays (67) and sharks

(68) along the east Australian coast.

The north-to-south nature of the NSW coastline allowed for

an examination of latitudinal effects on sightings of R. neglecta.

Results of the GAMM analyses highlighted day of year and latitude

as strong influences on both coastal sightings of R. neglecta and

group size, suggesting that sightings of the species were more likely

to occur at northern latitudes, but groups were more likely to be

larger at southern latitudes. R. neglecta were reliably and relatively

evenly observed across surveys conducted in the northern regions

of the NSW coast (i.e., regions 1 to 4). South of 32.5◦S, R. neglecta

were observed much less frequently, with a gradual decrease in

the detection of the species and no sightings recorded in region

7. These results suggest that R. neglecta primarily occupy tropical

and sub-tropical waters, with the ability to move to more temperate

latitudes when sea temperatures allow. The southernmost region

where the species was observed (i.e., region 6) consistently hosted

large groups comprising between 50 and 500 rays. Together, these

latitudinal patterns may indicate a mass migration phenomenon

whereby individual rays gather up in larger schools as they travel

south. The rays may also only visit the more southern sites as

large groups, potentially due to the energetic benefits of traveling

in schools (69). Rhinoptera spp. undertake seasonal, mass, coastal

migrations, with sea temperatures being the presumed trigger for

migratory behaviors (37, 70, 71). However, the thermal thresholds

that trigger the egress behavior of Rhinoptera bonasus, range from

16oC in the Atlantic Ocean (42) to 20oC in the Gulf of Mexico (16).

Here, all three models suggested that R. neglectawere more likely to

be present and in larger groups when SSTs are cooler, around 21–

23◦C, which may indicate a similar thermal trigger for these events

in NSW. A similar temperature threshold also applies to other

Myliobatiform rays, such as spotted eagle rays in the Gulf ofMexico

that occur when water temperature ranges 23–31oC (34). In their

respective studies, Blaylock (37) and Schwartz (70) hypothesized

that such large, migrating aggregations of cownose rays were

unlikely to be feeding related and may be aimed at maximizing

mate encounter success and reproduction. Future research efforts

in NSW are required to elucidate R. neglecta behavior and foraging

ecology at the southern swathes of their distribution to better

understand latitudinal influences.

Rhinoptera neglecta sightings occurred throughout the year

in coastal waters of NSW, albeit more frequently and in higher

abundances during the warmer months (i.e., austral summer and

spring). These results support the concept that R. neglecta may

be seasonally migrating to the NSW coast and aggregating en

masse during the warmer months. There is also evidence to

suggest seasonal migrations to the southern range of the NSW

coast could facilitate parturition, mating and courtship as multiple

gravid females have been captured in nets during summer in

region 5 (Chan, unpublished data). Further investigations into the

timing and behaviors of individuals in large aggregations in each

survey region will help shed more light onto potential motivations

underpinning this phenomenon.

Rhinoptera neglecta are reported as highly abundant further to

the north along the Queensland and northern NSW coasts (35, 58).

This study corroborates these observations. Whilst the majority

of groups observed here were relatively small (< 100 rays) with

occasional groups of up to 500 rays, larger aggregations, estimated

to comprise up to∼5,000 individuals, were also reported in several

of the surveyed regions. Unfortunately, the sparse and sporadic

nature of these observations prevented detailed investigations into

these “super fevers.” It is worth noting that the irregular effort

associated with these aerial surveys (i.e., mainly conducted during

school holidays and with different flight schedules between regions)

prevented a robust examination of seasonal dynamics of R. neglecta

occurrence in coastal waters of NSW and may have biased some

of the seasonal trends observed. It is also important to note that

the group size estimates reported here are likely conservative as

Rhinoptera spp. are known to stack, with a single group comprising

several layers of rays (35, 70), which aerial observers may be unable

to quantify from above.

Whilst it was expected that larger groups of R. neglecta would

be observed during the offshore survey legs due to the bathymetry

(i.e., deeper waters would be more conducive to larger groups),

there were regions where inshore median group size estimates were

higher than offshore during every season. It is plausible that some

of these groups are utilizing the surf zone for foraging. However,

on 10 occasions (in regions 1 and 4), groups estimated to contain>

500 individuals were observed inshore, and it thus seems unlikely

that there would be ample prey to support a group this size if

the function is purely foraging. Although, in the Gulf of Mexico,

increases in R. bonasus abundance can coincide with spikes in

benthic prey densities (72).

It is hypothesized that groups of R. neglecta may also be

aggregating in shallower waters for courtship/mating, parasite

removal and/or protection from predators. There is evidence of

courtship and mating behaviors of pelagic myliobatiform rays

(R. bonasus and A. narinari) in shallow coastal waters (33);

however, these typically only include a few individuals. Although

R. neglecta could be partaking in a different form of parasite

removal, such as rubbing against the substrate to dislodge external

parasites, a behavior which has been observed in A. ocellatus

(73), their regular occurrence in shallow sandy nearshore waters

implies this is unlikely to be a primary driver for their use of
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this habitat. Inhabiting inshore shallow waters and aggregating

in large groups may also provide some refuge to the smaller

bodied R. neglecta from predators that prey on the species, such as

great hammerhead sharks Sphyrna mokarran (74) or white sharks

Carcharodon carcharias (75), as is the case for many small or

juvenile fish species (49). Future research should investigate the

behavior of individuals or groups closer to the shore to elucidate

the function of inshore aggregations.

Based on the affinity of other cownose ray species to estuaries

and river mouths (32, 76, 77), it was expected that sightings of

R. neglecta in NSW would also be associated with these features

as they typically provide safe refugia and abundant benthic prey

(72, 78, 79). Surprisingly, the distance to estuary predictor did not

make it into any of the models. It is important to note that estuary

mouths typically have higher turbidity, especially after rainfall

events, which may affect the ability of observers to sight the target

species. Furthermore, boat traffic within estuaries may influence

the diving behavior of these rays, causing them to dive deeper

whilst transiting these areas. Acoustic or satellite tagging using

pressure sensors may provide insights into the vertical movement

of these rays within estuaries, along coastlines and in offshore

habitats [e.g., (80, 81)]. In addition, it is worth noting that the GPS

coordinates for each sighting were recorded by the “SharkSmart

PRO” application via the cellular network whilst the helicopter flew

at 185 km h−1, which could have compromised the accuracy of

some of these locations and therefore some of the fine-scale spatial

patterns observed.

Considering the deviance explained for all three models was

41–44%, there are additional influences on the occurrences and

group sizes of R. neglecta along the NSW coast that are yet to be

identified. Several other environmental predictors were considered

as part of this study, including chlorophyll-a concentration as

a proxy for oceanic productivity (9, 82), salinity (22, 32), wave

height (83), and habitat type (2, 11, 84). However, data for these

predictors were not accessible in the present study due to a lack

of coverage across temporal and spatial ranges or contamination

of satellite derived data that could not be resolved to adequately

reduce the number of gaps in the data. Current velocity and

direction are of particular interest since current speeds can be

used by marine organisms to reduce the cost of transport or to

maximize opportunities to forage on diffuse prey (6, 69, 85, 86).

It is possible that R. neglecta utilize ocean currents to save energy

and travel efficiently during their regional migrations using the

increased summer flow of the EAC (87, 88). Manta rays are known

to maximize opportunities to forage on zooplankton when tidal

currents and nutrient loads act to concentrate prey items (5, 6, 9).

The diet of R. bonasus is diverse and encompasses crustaceans such

as amphipods when available in sufficient quantities (72). Another

Rhinoptera sp. was observed swimming amidst an aggregation of

whale sharks actively feeding on zooplankton off Baja California

Sur, Mexico (89). It is, therefore, possible that regional to fine-

scale current dynamics along the NSW coastline, and the known

upwelling events in this region (23, 90), may have influenced coastal

prey availability and ultimately aggregations of R. neglecta. The

aforementioned predictors should be explored in the future to

refine findings from this study.

Despite considerable numbers of R. neglecta routinely caught

in various fisheries and in bather protection programs off eastern

Australia (91), there has been very little scientific interest in this

species, which has resulted in important knowledge gaps regarding

its basic biology and ecology. This study presents the largest aerial

survey dataset of R. neglecta sightings off the NSW coast. Our

results reveal new southernmost records for the species, extending

its known distribution by 70 km to 35.763◦S. We also report

group sizes that are larger than those previously recorded for the

species. Identifying patterns of distribution, abundance, and key

environmental influences is crucial to improve management of the

species and its habitat, particularly under the threats of continued

fishing and climate change. Here we show that coastal occurrences

and group sizes of R. neglecta off NSW are related to a set of

key spatial, temporal, and environmental factors that operate over

various scales with changes occurring with latitude and the distance

of individuals to shore. This study provides a baseline for future

research of R. neglecta that is urgently required to understand the

ecological role of the species, to develop effective management

strategies, and to assess potential implications associated with

ongoing perturbations.
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