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Abstract
Beaches are economically and socially important to coastal regions. The intensive use of beaches requires active management to
mitigate impacts to natural habitats and users. Understanding the patterns of beach use can assist in developing management
actions designed to promote sustainable use. We assessed whether remotely piloted aerial systems (commonly known as drones)
are an appropriate tool for quantifying beach use, and if beach activities are influenced by environmental conditions. Novel
drone-based methods were used to quantify beach use. Drone flights recorded 2 km of beach, capturing video footage of the
beach from the dune to water interface and the breaker zone. Flights were undertaken during three school holiday periods at four
popular beaches in New South Wales, Australia. These videos were later analysed in the laboratory to categorise beach users. Of
the total users sampled, 45.0% were sunbathing, 22.8% swimming, 21.2% walking, 10.6% surfing, and less than 0.5% were
fishing. Participation in walking, surfing and fishing was similar throughout the sampling periods. However, sunbathing and
swimming significantly increased during the austral spring and summer sampling periods. Usage patterns varied significantly
among beaches, and during the different sampling periods, suggesting that adaptive management strategies targeted to specific
areas are the most appropriate way to protect beach habitats and users. Furthermore, we demonstrate that drones are an effective
assessment tool to improve coastal management decisions.
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Introduction

Beaches are an economically valuable asset that attract people
(Dwight et al. 2012; Lucrezi et al. 2016). Beach tourism is an
important economic contributor for coastal regions and drives
developments to facilitate recreational involvement (e.g. ho-
tels, surf tourism) (Alexandrakis et al. 2015; Barbieri and
Sotomayor 2013; Papageorgiou 2016; Pérez-Maqueo et al.
2017). However, intensive human use of beaches can be

unsustainable and result in degradation to habitat quality (i.e.
water pollution) (Botero et al. 2017; Juhasz et al. 2010;
Semeoshenkova and Newton 2015). Furthermore, there are
risks to beach users, including, drowning, sun exposure and
interactions with dangerous wildlife, that often require careful
management (Attard et al. 2015; Chapman and Mcphee 2016;
Mckay et al. 2014; Warton and Brander 2017).

The active management of beaches is essential to mitigate
threats to habitats and users, and to maximise their economic
and recreational potential (Chen and Teng 2016; González and
Holtmann-Ahumada 2017; Papageorgiou 2016). An under-
standing of the human aspects (e.g. usage and values), in ad-
dition to physical beach characteristics (e.g. morphology and
environmental influences), can ensure that beach habitats are
managed effectively (Lucrezi et al. 2016; Semeoshenkova
et al. 2017). By understanding patterns of recreational beach
use, such as the quantity of users and the specific activities
being undertaken, tailored management actions that enhance
community use and the long-term ecological and economic
sustainability of these areas can be developed (Jiménez et al.
2007; King and McGregor 2012).
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Despite the high value of beaches, patterns of recreational
use in Australia are not well known (James 2000; Maguire
et al. 2011). Conventional tools to assess beach use include
manned aerial surveys using spotters and digital imagery
(Blackweir and Beckley 2004), shore-based surveys using
fixed video cameras and photography (Huamantinco et al.
2016; Ibarra 2011; Jiménez et al. 2007), manual counting
(King and McGregor 2012) and community surveys
(Dwight et al. 2007; Zhang et al. 2015). Remotely piloted
aircraft systems (hereafter called drones, see Chabot 2018;
Chapman 2014) may provide a novel method for cost-
effective assessments of beach use, but their value is yet to
be rigorously assessed.

Recent technological improvements (e.g. rechargeable
long-life batteries, compact electric motors and light-
weight high definition digital cameras) have increased
the utility of drones and their potential as a tool for
da ta col lec t ion and envi ronmenta l moni tor ing
(Anderson and Gaston 2013; Anweiler and Piwowarski
2017). Higher resolution digital video imagery can be
collected using drones compared to other remote sens-
ing platforms (e.g. civilian satellites) (Di Felice et al.
2018), allowing them to intensively sample areas over
scales <10 km2 (Colefax et al. 2018). Drone technology
has been used successfully to monitor marine wildlife
(Hodgson et al. 2013; Kelaher et al. 2019) and to sur-
vey coastal morphology (Gonçalves and Henriques
2015; Turner et al. 2016). Compared to manned aerial
surveys, drone techniques are likely to provide cost (fi-
nancial, staff), logistical (deployment, maintenance, stor-
age) and safety benefits (Nishar et al. 2016; Goebel
et al. 2015). Further applications benefiting coastal man-
agement include subtidal and intertidal habitat mapping
(Casella et al. 2017; Konar and Iken 2018; Ventura
et al. 2016), beach litter detection (Martin et al. 2018)
and assisting fisheries and marine park compliance
(Jiménez López and Mulero-Pázmány 2019; Nyman
2019).

The present study aimed to determine whether drones are
an effective tool to quantify human use on popular beaches.
Drone surveys were used to; (i) quantify and categorise beach
users; (ii) test differences in patterns of use among different
beaches and time periods; and (iii) determine if beach activi-
ties are influenced by a range of environmental variables, such
as wind, humidity and temperature.

Methods

Drones were used to survey the recreational use at four pop-
ular beaches in New SouthWales (NSW), Australia during the
NSW summer (27/12/16–29/01/17), winter (30/06/17–17/07/
17) and spring (23/09/17–08/10/17) school holiday periods in

2017. Drone flights were undertaken daily during the sam-
pling periods, except when weather conditions were unsuit-
able (e.g. raining or wind over 20 km/h). The beaches sur-
veyed during the summer holiday period included Lennox
Head (n = 29 flights) (28.7850°S, 153.5943°E–28.8009°S,
153.5961°E), Ballina (n = 19 flights) (28.8598°S,
153.5976°E–28.8741°S, 153.5898°E) and Evans Head (n =
20 flights) (29.1032°S, 153.4329°E–29.1161°S, 153.4448°E).
The survey locations during the winter and spring holiday
periods included Evans Head (n = 18 and 14 flights, respec-
tively), Ballina (n = 18 and 13 flights, respectively), Lennox
Head (n = 16 and 14 flights, respectively) and Byron Bay (n =
16 and 16 flights, respectively) (28.6395°S, 153.6100°E–
28.6367°S, 153.6284°E) (see Fig 1). These locations had sea-
sonal Surf Life Saving flagged areas (designated areas consid-
ered safe for swimming and are monitored by trained person-
nel) during the spring and summer holiday periods, although
these services were not provided at Ballina, Lennox Head and
Evans Head during the winter holiday period.

Flights

At each beach flights began at 10:30 am and surveyed
the beach and water section 1 km north and south of
the local Surf Life Saving Club, resulting in a 2 km
transect being sampled. The drone used was the DJI
Phantom 4, which is a small (1380 g) commercially-
available quadcopter aircraft, with a high-resolution
camera.

During each flight, a commercially licensed drone pilot
flew the drone at a speed of 8 m.s−1 over the water at 60 m
altitude. During the flight the camera was facing towards the
beach to capture beach users from the dunes to water interface.
The drone was then moved further seaward, and returned fly-
ing a parallel flight path to capture water users. Flights were
undertaken in this manner to avoid flying directly over people.
Video data was recorded in UHD resolution (3840 × 2160) at
25 frames per second. Cameras were equipped with circular
polarising filters (ND4) to reduce glare.

Environmental data

Environmental variables measured for each flight included
wind speed (km h−1), wind direction (compass point), air tem-
perature (°C), humidity (%), air pressure (hectopascal), cloud
cover (eights) and Beaufort Sea state (0–5). Water temperature
(°C) and surf rating (1–10) were obtained from Coastalwatch
Networks.

Video review

Videos were reviewed in the laboratory and individual beach-
goers counted manually, using a 58.5 cm (diagonal) LED
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display with a pixel resolution of 1920 × 1080. Individual
beachgoers were classified into one of the following user cat-
egories: sunbathing (those sitting, laying, standing still, en-
gaged in beach games, lifesavers, junior lifesavers and offi-
cials), walking (walking, running and dog walking), swim-
ming, surfing (surfing, stand-up paddle boarding and
bodyboarding) and fishing. The user categories jet skis,
snorkelling, surf ski/kayaking, wind/kite surfing and cycling
were noted but not included in analysis due to very low rates
of participation.

Statistical analysis

Permutational analyses of variance (PERMANOVA,
Anderson et al. 2008) was used to test whether participation
in the six key beach user categories (sunbathing, walking,
swimming, surfing and fishing) and a multivariate combina-
tion of these groups differed between the beaches sampled,
sampling periods and weekdays versus weekends/public hol-
idays. All PERMANOVA analysis were based on 4999 per-
mutation. Univariate and Multivariate analyses were based of

Euclidean Distance and Bray-Curtis resemblance measures,
respectively. Data was Log (x + 1) transformed prior to anal-
ysis to reduce any variance heterogeneity and to downscale
the influence of more popular groups in multivariate analyses.
Pair-wise post hoc tests were used to evaluate significant main
effects with 3 or more levels and interaction terms.

Generalized Linear Models (GLM) were used to de-
termine the relationship of environmental variables to
participation in the main activity categories (sunbathing,
walking, swimming, surfing and fishing). The associa-
tions with key predictor variables (beach location, wind
direction, wind speed, air temperature, humidity, sea
state, cloud cover, surf rating and water temperature)
with participation rates were tested using the lme4 pack-
age with R (R Development Core Team 2008). For
these analyses, predictor variables were not co-linear
(Pearson r’s all <0.5) and the data was not zero inflat-
ed. Given the GLMs were consistently over dispersed
using the Poisson distribution, the analyses were carried
out using a negative binomial distribution (see Zuur and
Ieno 2016).

Fig. 1 a Location of beaches
studied on the north coast of New
SouthWales, Australia. Examples
of the footage collected with
drones of recreational beach use:
(b) moderately-high usage,
swimmer and sunbathers at
Ballina; (c) small number of
surfers at Ballina; (d) a beach
fisher at Evans Head
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Results

Overview

During the study period, 193 flights were completed with 36,
618 beach users documented. Rain or strong wind resulted in
28 of the 221 planned flights being cancelled. Of the total
users sampled, 45.0% were sunbathing, 22.8% swimming,
21.2% walking, 10.6% surfing, and < 0.5% were fishing.

Participation in walking did not differ significantly among
sampling periods, however there was significantly more
walkers at Byron Bay compared to the other beaches, and
significantly more walkers at Lennox Head than at Ballina
and Evans Head (Fig. 2). During the winter holiday period,
walking was the most popular activity undertaken, apart from
at Lennox Head where surfing (34.7% of total users) and
Byron Bay where sunbathing (35.6%) were marginally more
popular. During the summer and spring holiday periods,
sunbathing (45.4%) and swimming (30.0%) were the most
popular activities undertaken, with significantly greater partic-
ipation than during the winter holiday period (Fig. 2). During
the summer holiday period, swimming was more popular than
sunbathing at Ballina (swimming 38.4%) and Evans Head
(44.4%). Participation in surfing remained constant over the
sampled periods, and during the winter holiday period became
the third most popular activity due to fewer people swimming
(Fig.2). At each location and every holiday period sampled,
fishing was by far the least popular activity (Fig. 2).

Patterns of use among beaches, holiday periods
and weekdays vs weekends

Multivariate analysis comparing beach users found a signifi-
cant interaction between beach location and sample period
(Table 2). Pairwise tests revealed during the summer and

winter holiday periods, all the beaches were significantly dif-
ferent from each other, and during the spring holiday period
Byron Bay was significantly different from all others (Fig. 3).

There was a significant difference in the number of people
swimming at the different beaches (Fig. 2), and a significant
interaction between sample period and weekend versus week-
day use (Fig. 4). Pairwise tests revealed Byron Bay to have
significantly more swimmers than all other beaches. Lennox
Head had significantly more swimmers than Ballina but not
Evans Head, and Ballina was not different to Evans Head (Fig.
2) There was significantly more swimming on weekdays than
on the weekends during the winter and spring holiday periods
(Fig. 4).

Sunbathing varied significantly among sample periods and
beaches (Table 1, Fig. 2). During the summer and spring hol-
iday periods, participation in sunbathing did not differ signif-
icantly, but there was significantly less participation during the
winter holiday period (Fig. 2). Pairwise tests among beaches
showed participation in sunbathing at Evans Head and Ballina
were not significantly different. There was, however, signifi-
cantly more sunbathing at Lennox Head, and participation
significantly increased again at Byron Bay (Fig. 2).

The number of walkers varied significantly among
beaches, and also interacted significantly between sample pe-
riod and weekend versus weekdays (Table 1, Fig. 2). Pairwise
tests showed that Byron Bay was significantly different to all
other beaches, with around three times as many walkers (Fig.
2). The significant interaction was a result of increased partic-
ipation on weekends during the summer and winter holiday
periods (Fig. 1).

During the summer holiday period participation in surfing
at Lennox and Evans Head was greater than Ballina (see sig-
nificant B × P interaction in Table 1, Fig. 2). However, during
the winter sampling period, Lennox Head and Byron Bay had
significantly more surfers than Evans Head and Ballina (Fig.

Fig. 2 Multidimensional scaling
(MDS) plot comparing overall
beach usage at the sampled beach
locations at each of the sampling
periods. Squares, circles and dia-
monds symbols represent sum-
mer, winter and spring holidays
sampling periods, respectively
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2). During the spring sampling period, participation in surfing
at Byron Bay was significantly greater than all other locations,
with the number of surfers at Byron Bay 95% greater than the
other beaches combined (Fig. 2).

Participation in fishing was small, <0.5% of total users
sampled, though there was significantly more participation
on weekends (Table 1). A significant interaction of beach
and period was also found, and was the result of fishing

Fig. 3 Comparison of beach users engaged in the user categories of swimming, sunbathing, walking, surfing and fishing, over the sampling periods.
Figures display average users observed per flight (± SE). Different letters indicate significant differences at P < 0.05

Fig. 4 Difference in the participation on weekend and public holidays compared to weekdays for the user categories of swimming and walking.
Figures displays average users observed per flight (± SE). Different letters indicate significant differences at P < 0.05
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mostly being undertaken at Evans Head during winter and
spring holiday periods (Fig. 2).

Relationships between patterns
of use and environmental variable

GLM analysis found that participation in all categories
(sunbathing, swimming, walking, surfing and fishing) varied
significantly among beaches (Table 2). Wind direction was sig-
nificantly related to participation in sunbathing and swimming,
with greater participation during on-shore wind conditions
(wind moving from the sea towards land, Table 2). Wind speed

had a significantly negative influence on surfing participation
(Table 2), reducing surfing numbers with increased wind speed.
Air temperature had a significantly positive relationship to par-
ticipation in sunbathing and swimming, but had a significantly
negative influence on the number of surfers (Table 2).
Humidity was significantly negatively associated with partici-
pation in sunbathing and swimming (Table 2). Sea state was
negatively related to the participation in surfers (Table 2), with
lower sea state rating indicating flatter conditions, and as sea
states increased the conditions become rougher with more wind
chop (less favourable for surfing). Cloud cover had a signifi-
cantly negative association with beach walkers, displaying a

Table 1 PERMANOVA analysis results of beach users; all users (all user categories combined), sunbathing, surfing, swimming, and fishing.
Significance indicated in bold.

(a) All Users (b) Sunbathing (c) Walking

df MS p-F P MS p-F P MS p-F P

Beach = B 3 4850.20 28.97 < 0.001 25.68 42.49 < 0.001 13.95 49.33 < 0.001

Period = P 2 6748.50 10.23 < 0.05 39.45 36.07 < 0.01 0.69 1.29 0.35

Weekend =W 1 621.29 3.39 0.127 0.24 2.09 0.2588 4.28 24.64 < 0.05

B× P 5 650.28 3.88 < 0.001 1.08 1.78 0.12 0.53 1.88 0.10

B ×W 3 181.77 1.08 0.38 0.11 0.19 0.91 0.17 0.61 0.62

P ×W 2 285.86 2.56 0.14 1.41 2.66 0.16 1.15 10.85 < 0.05

B× P ×W 5 111.17 0.66 0.80 0.52 0.87 0.49 0.10 0.37 0.86

Residual 171 167.44 0.60 0.28

(a) Swimming (b) Surfing (c) Fishing

MS p-F P MS p-F P MS p-F P

Beach = B 3 21.34 27.38 < 0.001 34.63 32.18 < 0.001 4.44 18.25 < 0.001

Period = P 2 113.54 63.49 < 0.001 0.81 0.28 0.75 0.63 0.66 0.64

Weekend =W 1 6.08 5.70 0.10 1.43 0.59 0.48 0.27 36.11 < 0.05

B× P 5 1.76 2.26 0.05 2.88 2.68 < 0.05 0.94 3.86 < 0.01

B×W 3 1.06 1.35 0.26 2.44 2.27 0.08 0.007 0.03 0.99

P ×W 2 2.12 15.26 < 0.01 0.55 0.78 0.50 0.42 1.83 0.25

B × P ×W 5 0.14 0.17 0.96 0.72 0.67 0.64 0.23 0.94 0.45

Residual 171 0.78 1.08 0.24

Beach sampled locations; Period sampling period; Weekend weekends and public holidays

Table 2 Results from
Generalized Linear Model
analysis, displaying the effect of
predictor variables on the
participation in different beach
user categories.

Predictor df Sunbathing Walking Swimming Surfing Fishing

Beach location 3 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001

Wind direction 1 < 0.01 0.95 < 0.01 0.21 0.3

Wind speed 1 0.12 0.66 0.84 < 0.05 0.51

Air temperature 1 < 0.001 0.08 < 0.001 < 0.05 0.09

Humidity 1 < 0.01 0.33 < 0.001 0.22 0.09

Sea-state 1 0.32 0.43 0.19 < 0.05 0.94

Cloud cover 1 0.53 < 0.001 0.06 0.99 0.29

Surf rating 1 0.78 0.10 0.38 0.89 0.56

Water temperature 1 < 0.05 0.16 0.18 0.52 0.18

Significant variables are in bold and represent a variable that influenced the participation in these activities
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preference for walking during days that were finer (less clouds).
Water temperature was related negatively with the number of
sunbathers. No environmental variables were found to affect
participation in fishing (Table 2).

Discussion

Beaches are important assets and require management based
on a sound understanding of unique beach characteristics in-
cluding patterns of use (Brown and Hausner 2017; James
2000). In the present study, the capacity for aerial drones to
undertake cost-effective quantification of beach usage was
demonstrated. Generally, participation in walking, surfing
and fishing was similar throughout the sampling periods,
however, during warmer periods there was significantly more
participation in sunbathing and swimming. Despite similari-
ties in general patterns of usage among seasons, we found that
attendance at each location and period sampled tended to be
unique. These results demonstrate that while sampling of ran-
dom locations is probably adequate to inform planning at a
regional scale, the collection of data at individual beaches is
required to develop effective site-specific beach management
strategies.

Despite the differences in levels of beach use among sites
(i.e. higher attendance at Byron Bay), general seasonal pat-
terns were still apparent and are common for beaches globally
(e.g. Dwight et al. 2007; Guillén et al. 2008; Ibarra 2011). The
pattern of increased attendance during the spring and summer
period was driven in this study by greater participation in
sunbathing and swimming. Environmental conditions com-
monly experienced during these warmer seasons, increased
air temperature and on-shore wind, were found to be signifi-
cant influences on the participation in these user groups. At all
locations, the seasonal increase in attendance was accompa-
nied by the provision of Surf Lifesaver flagged areas. For
regional based planning of beach services, sampling several
random beaches is probably adequate to assess the general
patterns of use in beaches within management areas.

Visitor numbers can be a good indicator of beach atten-
dance, as tourists travel to coastal areas with the intention to
use beach habitats (Zhang et al. 2015). Byron Bay experi-
enced more usage than the other beaches sampled, probably
due to its popularity as a tourist location (Wray et al. 2010).
Visitor statistics shows Byron Bay shire (includes, Byron Bay
beach; total day visitors ~4 million) receives substantially
more visitors compared to Ballina shire (includes Ballina,
Evans and Lennox Head beaches; total day visitors ~1.4 mil-
lion), which likely contributed to the higher beach attendance
found in this study. Although visitor statistics can guide man-
agers on the expected attendance within a local government
area, they do not provide insight into the distribution of people
and beach usage within the areas. This study demonstrates that

drones can be used to effectively collect this type of data,
which can then be used by management authorities to better
manage services. For example, drones documented most
swimmers at Byron Bay outside of the flagged areas
(~260% more swimmers outside flags) suggesting that more
services such as education or lifesavers may be required.

Higher beach attendance on weekends is well documented
in the primary literature (Dwight et al. 2007; Guillén et al.
2008). In contrast, we did not observe peak attendance during
weekends, most likely as a result of surveys occurring exclu-
sively during holiday periods (Blackweir and Beckley 2004).
This study indicates when sampling during holiday periods,
day of week is not an important factor. Further, the study
suggests for the daily management of these beaches during
holiday periods, similar levels of services should be provided
at these beaches. This may have implications for the manage-
ment arrangements currently implemented in these areas dur-
ing holiday periods.

Although surfing was a popular activity year-round, partic-
ipation was highest when air temperature and sea states were
lowest, typically experienced during winter when surfing con-
ditions are often of higher quality (Espejo et al. 2014; Scott
and Rogers 2018; Tauro et al. 2016). Surfing was more pop-
ular at Lennox Head and Byron Bay, which are both marketed
as quality surf destinations, and Lennox Head being an impor-
tant cultural site for Australian surfing (Orchard 2017).
Participation at Ballina may have been lower than expected
due to community concerns surrounding recent shark-human
interactions in the area (Hannam 2017). The relatively high
participation in surfing occurred during the winter holiday
period, when lifesaving services are not operating (Attard
et al. 2015). While the need for lifesaver assistance for surfers
is less than swimmers (see Surf Life Saving New SouthWales
2017), other risks may require consideration (i.e. shark miti-
gation strategies, water quality monitoring) when planning
seasonal beach services at locations popular for surfing.

While drones were effective for quantifying and classifying
users on the beach and in the water, they could also be used to
add detail to current webcam based methods of beach moni-
toring. Using webcam techniques to quantify beach atten-
dance is common because it is cost-effective (Guillén et al.
2008), but can lack detail when assessing beach attendance,
generally categorising attendance as low, medium or high
(Balouin et al. 2014; Guillén et al. 2008). Due to automated
counting techniques focused on pre-defined sections of the
beach, these techniques do not categorise attendees into dis-
crete user groups, and are unable to quantify swimmers
(Zhang and Wang 2013; Balouin et al. 2014). This limitation
may lead to: an underestimation of beach attendance rates;
more challenging user-based management; and inadequate
provision of services (King and McGregor 2012).

Drones can provide rapid and detailed quantification of
beach usage, and easily survey multiple beaches
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simultaneously allowing for real comparisons of usage be-
tween locations. Compared to webcams, which requires in-
stallation, maintenance and provide data only at a specific
location, drones are mobile and can sample any beach of in-
terest with little setup and without the need for a permanent
structure. Further improvements for utilising drones could
arise from the use of ground control points or RTK GPS
allowing for geographic information system and mapping ap-
plications (Agüera-Vega et al. 2017), predetermined flight
paths and autonomous operations. Autonomous flights and
the development of automatic analysis of images would allow
for large amounts of data to be collected and analysed quickly.
Further, drones can undertake additional tasks, such as
assisting with search and rescue (Claesson et al. 2017), shark
detection (Colefax et al. 2018) and monitoring morphological
change (Gonçalves and Henriques 2015). Consequentially,
drones are likely to be a valuable addition to the coastal man-
ager’s toolbox in coming years.

In conclusion, drones provided a rapid assessment of beach
habitats and their usage in high resolution. The drone surveys
clearly highlight that beach usage patterns vary among popu-
lar beaches and holiday periods, suggesting that locally
adapted beach management strategies may be required.
While drone surveys detected well known patterns of beach
use (e.g. such as increased beach use during warmer seasons),
they also revealed less obvious patterns, such as the lack of
difference in usage between weekends and weekdays during
holiday periods. Such detailed information provides a strong
basis for delivering effective evidence-based management
strategies to minimise impacts and maximise the experience
of beach users (e.g. safety, recreational facilities). Overall, we
contend that drone technology can provide management with
a rapid and cost-effective assessment tool to assist in decision
making, and informmanagement on spatial and temporal hab-
itat use.
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