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Abstract
Understanding the population health status of long- lived and slow- reproducing spe-
cies is critical for their management. However, it can take decades with traditional 
monitoring techniques to detect population- level changes in demographic param-
eters. Early detection of the effects of environmental and anthropogenic stressors 
on vital rates would aid in forecasting changes in population dynamics and therefore 
inform management efforts. Changes in vital rates strongly correlate with deviations 
in population growth, highlighting the need for novel approaches that can provide 
early warning signs of population decline (e.g., changes in age structure). We tested a 
novel	and	frequentist	approach,	using	Unoccupied	Aerial	System		(UAS)	photogram-
metry, to assess the population age structure of small delphinids. First, we measured 
the	precision	and	accuracy	of	UAS	photogrammetry	in	estimating	total	body	length	
(TL) of trained bottlenose dolphins (Tursiops truncatus). Using a log- transformed linear 
model,	we	estimated	TL	using	the	blowhole	to	dorsal	fin	distance	(BHDF)	for	surfacing	
animals.	To	test	the	performance	of	UAS	photogrammetry	to	age-	classify	individuals,	
we	then	used	length	measurements	from	a	35-	year	dataset	from	a	free-	ranging	bot-
tlenose	dolphin	community	to	simulate	UAS	estimates	of	BHDF	and	TL.	We	tested	
five age classifiers and determined where young individuals (<10 years)	were	assigned	
when	misclassified.	Finally,	we	tested	whether	UAS-	simulated	BHDF	only	or	the	as-
sociated TL estimates provided better classifications. TL of surfacing dolphins was 
overestimated by 3.3% ±3.1%	 based	 on	UAS-	estimated	BHDF.	Our	 age	 classifiers	
performed best in predicting age- class when using broader and fewer (two and three) 
age- class bins with ~80% and ~72% assignment performance, respectively. Overall, 
72.5%–	93%	of	the	individuals	were	correctly	classified	within	2 years	of	their	actual	
age- class bin. Similar classification performances were obtained using both proxies. 
UAS	photogrammetry	 is	a	non-	invasive,	 inexpensive,	and	effective	method	to	esti-
mate	TL	and	age-	class	of	free-	swimming	dolphins.	UAS	photogrammetry	can	facilitate	
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1  |  INTRODUC TION

The ability to monitor the health status and dynamics and detect 
trends of free- ranging populations is critical for the effective man-
agement of long- lived and slow- reproducing species (Holmes & 
York, 2003; Jackson et al., 2020). For marine mammals, anthropo-
genic and environmental stressors can affect individual health and 
vital rates (e.g., fertility and survival; Pirotta et al., 2019) and subse-
quently cause population- level impacts (e.g., habitat shift, and abun-
dance decline; Pirotta et al., 2015; Senigaglia et al., 2016).	A	decline	
in population abundance and/or changes in vital rates can provide 
an early warning for the sustainability of a population. Therefore, 
early detection of stressor effects on individuals could help forecast 
potential impacts at the population level.

Cetacean population sizes are typically estimated via line- 
transect or mark- recapture surveys (e.g., Dawson et al., 2004; 
Evans & Hammond, 2004; Wade & Gerrodette, 1993). However, 
physiological and behavioral changes take time to manifest into 
changes in health and vital rates and, in turn, population size 
(Maxwell & Jennings, 2005; Symons et al., 2018; Taylor et al., 2007). 
Consequently, these traditional techniques often have a limited 
statistical power to estimate a population trend or detect a change 
in the trend (Taylor et al., 2007). Thus, relying only on abundance 
estimation to monitor population dynamics can inhibit timely con-
servation and management actions (Taylor & Gerrodette, 1993; 
Thompson et al., 2000; Turvey et al., 2007). Furthermore, the typical 
frequency of surveys and imprecision of abundance estimates may 
fail to detect precipitous declines in abundance (Taylor et al., 2007), 
highlighting the need for alternative techniques to help detect early 
warning signs of population declines.

Population dynamics are a function of key parameters, such as 
population growth and age structure (Clark et al., 2000; Jackson 
et al., 2020), which are function of vital rates (Ozgul et al., 2010) and 
environmental factors (e.g., Pardo et al., 2013; Weimerskirch, 2018).	A	
stable age distribution is an indicator of population health, that is, the 
population contains a fixed proportion of newborn, immature, and ma-
ture individuals (Gamelon et al., 2016), while deviances from this dis-
tribution would lead to either population growth or decline (Coulson 
et al., 2005; Jackson et al., 2020; Jones et al., 2018). Therefore, de-
tecting changes in the age structure of a population may provide an 
early	sign	of	future	changes	in	abundance	(Booth	et	al.,	2020; Holmes 
& York, 2003; Reichert et al., 2016). Few studies have focused on es-
timating the age structure of cetaceans to monitor population health 
(Evans & Hindell, 2004; Guo et al., 2020; Pallin et al., 2022).

Non- invasive technologies such as aerial photogrammetry using 
Unoccupied	Aerial	Systems	 (UASs	or	 “drones”)	have	become	com-
mon	 practice	 in	 baleen	whale	 health	monitoring	 studies	 (Bierlich,	
Hewitt, et al., 2021;	 Bierlich,	 Schick,	 et	 al.,	 2021; Christiansen 
et al., 2018, 2022; Dawson et al., 2017). To date, few studies have 
examined	the	performance	of	UAS	photogrammetry	to	monitor	the	
health of toothed whales (Cheney et al., 2022; Currie et al., 2021; 
Fearnbach et al., 2018).	UAS	photogrammetry	allows	for	large	groups	
of	animals	 to	be	 sampled	with	minimal	effort	 (Booth	et	al.,	2020), 
suggesting	that	UAS	photogrammetry	might	be	a	suitable	and	cost-	
effective tool to monitor changes in the age structure of delphinid 
populations.

The	overall	aim	of	this	study	was	to	use	UAS	photogrammetry	
to develop a length- based method of estimating the age- class of 
free- ranging delphinids. First, we evaluated the precision (variation 
between measurements) and accuracy (consistency between the es-
timated	and	observed	measurements)	of	UAS	photogrammetry	for	
measuring and estimating the total body length (TL) of bottlenose 
dolphins (Tursiops truncatus) under human care. Second, we tested 
whether individual bottlenose dolphins could be assigned to correct 
age-	classes	from	simulated	UAS	photogrammetry	length	estimates	
as a means of quantifying the age structure of a well- studied, free- 
ranging dolphin community. Findings are discussed in the context of 
providing rapid and important insights for timely management and 
conservation of cetacean populations.

2  |  MATERIAL S AND METHODS

2.1  |  Facilities, study animals, and length 
measurements

We physically measured TL (i.e., the tip of the rostrum to the 
tip of the natural notch created by the overlapping fluke lobes 
(Figure A1), hereafter referred to as the notch) and blowhole 
to	 dorsal	 fin	 (BHDF)	 for	 18	 bottlenose	 dolphins	 under	 human	
care	 at	 two	 facilities	 in	 Hawaiʻi,	 USA	 (Figure 1a). The distance 
from the center of the blowhole to the anterior insertion of the 
dorsal fin is an established proxy for TL in bottlenose dolphins 
(Cheney et al., 2018;	 van	Aswegen	 et	 al.,	2019). Six adult males 
ranging	 from	 11.5	 to	 34.5 years	 of	 age	 (mean = 23.6 ± 7.9 years)	
at	Dolphin	Quest	Oʻahu	(DQO);	HI,	USA,	were	measured	in	June	
2019.	Six	females	and	six	males	ranging	from	4.0	to	49.0 years	of	
age	(mean = 17.4 ± 14.8 years)	at	Dolphin	Quest	Hawaiʻi	(DQH);	HI,	
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the detection of early signs of population changes, which can provide important in-
sights for timely management decisions.
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USA,	were	measured	 in	August–	October	2019.	The	date	of	birth	
(DOB)	of	the	14	individuals	born	in	facilities	is	known.	The	other	
four individuals (two males and two females) were born in the Gulf 
of Mexico. The age of these animals was based on the size that 
they were when collected. Dolphins were measured in a station-
ary and straight position for all measurements. TL was collected 
on the ventral side of the dolphin in an inverted position using a 
tape measure attached to a rigid PVC pipe. The base of the meas-
uring pipe was placed onto a rigid plate aligned with the tip of the 
rostrum	to	allow	for	straight-	line	measurements.	BHDF	measure-
ments were made from the center of the blowhole to the insertion 
of the dorsal fin using a soft measuring tape. One measurement 
set (consisting of two to three replicates per measurement) was 
collected	on	 the	day	or	within	a	week	of	 the	UAS	sampling	 (see	
below). To increase sample size, four to six additional replicates 
were	 collected	 within	 the	 next	 7 months	 (total	 of	 7–	10	 TL	 and	
BHDF	measurements	per	animal).	DQH	measurements	per	animal	
were collected on the same day.

2.2  |  Length measurements via UAS 
photogrammetry

Aerial	 imagery	 of	 the	 six	 dolphins	 at	 DQO	was	 collected	 by	 two	
UAS	platforms	during	 June	2019.	However,	 individual	A	was	 sam-
pled by one platform only due to weather (Table A2).	A	DJI	Inspire-	2	
quadcopter	 and	 an	 Aerial	 Imaging	 Solutions	 APH-	22	 hexacopter	

were used to collect aerial imagery. The Inspire- 2 was equipped 
with	 a	 DJI	 Zenmuse	 X5s	 digital	 camera	 (20.8-	megapixel,	 Micro	
Four Thirds format; calibrated following Dawson et al. (2017)) with 
an	Olympus	M.Zuiko	25 mm	f/1.8	lens.	The	APH-	22	was	equipped	
with an Olympus E- PM2 digital camera (16.1- megapixel, Micro Four 
Thirds	format),	also	with	an	Olympus	M.Zuiko	25 mm	f/1.8	 lens.	A	
LightWare SF11/C laser altimeter (Dawson et al., 2017) was attached 
to	both	platforms,	providing	an	accuracy	of	0.1 m	and	resolution	of	
1 cm.	Despite	the	precision,	some	inaccurate	altitude	readings	were	
recorded. To correct these errors, a custom- made smoother was ap-
plied	to	the	original	data.	The	Inspire-	2	recorded	videos	in	4 k	reso-
lution	(3840 × 2150	pixels),	while	photographs	(4608 × 3456	pixels)	
were	 taken	with	 the	APH-	22.	Consecutive	 flights	using	both	plat-
forms (n = 24	flights	in	total)	were	conducted	at	five	altitudes	(16,	20,	
30,	40,	and	50 m).

Dolphins were sampled under two scenarios: stationary and 
positioned flat and straight in the water (Figure 2a) and with the 
slight arching that occurs when surfacing naturally while swimming 
(Figure 2b). Stationary animals were supported by husbandry staff 
under the caudal region to maintain the body straight and the fluke 
flat (Figure 2a). Photogrammetry of stationary behaviors was col-
lected	 to	compare	UAS	measurements	of	TL	and	BHDF	 (Figure 2) 
with the respective physical measurements (Figure 1a).

For	each	UAS	platform,	a	target	of	three	images	was	selected	per	
individual, altitude, and behavior (i.e., stationary and surfacing) com-
bination. For the Inspire 2, images were extracted using VLC Media 
Player	Software	(VideoLAN).	For	surfacing	dolphins,	video	stills	and	

F I G U R E  1 Workflow	used	to	test	the	
accuracy	of	Unoccupied	Aerial	System	
(UAS)	photogrammetry	in	(a)	estimating	
the total length (TL) of bottlenose 
dolphins under human care; and (b) 
inferring age- class based on length and 
classifying individuals into age- class 
bins using a long- term dataset from the 
Sarasota Dolphin Research Program 
(SDRP),	FL,	USA.	BHDF:	Blowhole	to	
Dorsal	Fin	Distance,	DOB:	Date	of	Birth.	
Abbreviations	are	defined	in	Table	A1.
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photographs were selected when both the blowhole and dorsal fin 
insertion were visible and when the individual's body was as straight 
and	horizontal	as	possible	(i.e.,	minimal	body	arch).	Available	images	
of sufficient quality varied by platform (Table A2). In total, 144 video 
stills	 (75	 stationary	 and	 69	 surfacing)	 from	 the	 Inspire-	2	 and	 127	
photographs	 (65	 stationary	 and	 62	 surfacing)	 of	 sufficient	 quality	
were used to compare the platforms (Table A2). Due to weather or 
the	 lack	of	 images	of	 sufficient	quality,	 individual	A	 (APH-	22)	 and	
individual F were removed from the analyses (both platforms).

Images from each platform were processed by two independent 
observers using an updated version of the Graphical User Interface 
(GUI) described in Dawson et al. (2017). Image processing consisted 
of	measuring	 TL	 and	 BHDF	 for	 stationary	 animals	 and	measuring	
BHDF	 for	 surfacing	 animals.	Using	 a	Wilcoxon	 test,	 no	 significant	
differences in accuracy (Table A4) were found between observers 
for the measurements made for each platform (Table A3). However, 
there were significant differences between observers across plat-
forms (Table A4),	 with	 the	 APH-	22	 observers	 producing	 more	
precise measurements of TL and more accurate measurements of 
BHDF	 (Table	A3).	The	sample	of	APH-	22	 images	was	smaller	 than	
that of the Inspire- 2 because suitable images were more likely to be 
obtained	 from	 the	 Inspire-	2	 video	 footage	 than	 the	APH-	22	 pho-
tographs (Table A2). Given the inter- observer reliability and greater 
efficiency of the Inspire- 2, only Observer 1's measurements of the 
Inspire- 2 video- still images were used for the remainder of the study.

2.3  |  Calculating the error of UAS measurements

Using	a	frequentist	approach,	UAS	photogrammetry	error	was	cal-
culated	as	the	difference	between	the	physical	and	UAS	measure-
ments	of	TL	 and	BHDF	 from	 five	 stationary	 animals	 at	DQO.	We	
quantified the relationship between physical measurements of TL 
(cm)	and	BHDF	(cm,	a	proxy	for	TL)	of	the	18	Dolphin	Quest	animals	
(Figure A2)	and	tested	three	models	(ratio	of	BHDF/TL,	linear,	log-	
transformed	linear)	to	estimate	TL	via	BHDF	(see	Methods	A1). To 
first evaluate the performance of these models (Methods A1), each 
model's coefficients were used to separately estimate TL based on 

physical	measurements	of	BHDF	(BHDFPhysical) from the five station-
ary dolphins at DQO. Since the models performed well on physical 
measurements (Table 2), we then used them to estimate TL from 
UAS-	measured	 BHDF	 (BHDFUAS) for five surfacing animals (see 
Methods A1). The error (± standard deviation, SD) in estimating TL 
from	BHDF	for	the	surfacing	animals	was	calculated	for	each	model	
(see Methods A2).	Based	on	the	model	performances	(Table 2), the 
log- transformed linear model was considered the best model for use 
in subsequent analyses. Table 1 summarizes the data sources, data 
types, and associated analyses for this and the following section.

2.4  |  Testing the performance of UAS estimates to 
infer age- class

To test the feasibility of assigning individuals to age- class bins 
using	UAS	estimates	of	TL	(from	BHDF),	we	employed	a	long-	term	
morphometric dataset of bottlenose dolphins from the SDRP. 
Since 1984, the SDRP has been conducting periodic catch- and- 
release of individuals for life history studies and health assess-
ment (Wells, 2009; Wells et al., 2004). During these assessments, 
physical measurements of dolphins were obtained, including TL 
and	other	measurements	we	used	 to	derive	BHDF	 (Figure 1b). In 
total, 742 health assessments were made of 263 unique individu-
als	of	both	sexes	during	1984–	2019.	We	used	the	following	infor-
mation	 from	 the	 SDRP	 dataset:	 age	 (years,	 either	 empirical	DOB	
from observations of the animal and its identifiable mother, or, if 
the	DOB	was	unknown,	an	estimate	 from	growth	 layer	groups	 in	
a tooth extracted under local anesthesia (Hohn et al., 1989)); TL 
(cm), distance between the tip of the rostrum and the center of the 
caudal edge of the blowhole (cm); and distance between the tip of 
the	rostrum	and	the	anterior	insertion	of	the	dorsal	fin	(cm).	BHDF	
for each animal in the SDRP dataset was calculated by subtracting 
the	second-	to-	last	measurement	from	the	last.	While	these	BHDF	
measurements include the diameter of the blowhole, we assumed 
they	did	not	differ	significantly	from	BHDF	measurements	that	ter-
minate in the center of the blowhole (difference of approximately 
1 cm,	F.V.	personal	observation).

F I G U R E  2 UAS	video-	still	images	
of an individual bottlenose dolphin at 
Dolphin	Quest	Oʻahu	(HI,	USA).	UAS	
measurements were collected for (a) 
stationary and (b) surfacing animals while 
swimming.	UAS	measurements	consisted	
of the TL (i.e., tip of the rostrum to the 
notch in the flukes; dashed blue line 
shown	in	(a),	and	BHDF	(i.e.,	the	center	
of the blowhole to the anterior insertion 
of the dorsal fin; orange arrows shown 
in	(a)	and	(b)).	BHDF,	blowhole	to	dorsal	
fin	distance;	TL,	total	length;	UAS,	
Unoccupied	Aerial	System.
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We followed a frequentist approach to test the performance of 
UAS	photogrammetry	in	inferring	age-	class.	New	sets	of	BHDF	mea-
surements and associated TL estimates were simulated for the SDRP 
long-	term	morphometric	dataset	by	applying	the	UAS	errors	(±SD) 
in	estimating	TL	using	BHDF	of	surfacing	animals.	However,	because	
of the limited sample size (n = 5)	and	overall	above-	average	TL/BHDF	
relationship resulting from the physical measurements of the DQO 
individuals compared with the DQH individuals (Figure A2), the error 
of	the	UAS-	simulated	measurements	was	set	to	0	plus	the	calculated	
SD. This prevented from overestimating the size of the SDRP dol-
phins.	First,	 the	UAS-	simulated	measurements	of	BHDF	were	cal-
culated following:

where BHDFUAS_sim	 is	 the	 UAS-	simulated	 BHDF	 measurement,	
BHDFSDRP_physical	is	the	physical	measurement	of	BHDF	(from	the	SDRP	
dataset), N is the normal distribution, n is the number of SDRP indi-
viduals, De_BHDF	 is	 the	UAS	error	calculated	with	BHDF	of	surfacing	
animals, and Dsd_BHDF	is	the	UAS	SD	for	the	UAS-	measurement	error.

Similarly,	 UAS-	simulated	 TL	 estimates	 based	 on	 BHDFUAS_sim 
were calculated:

where TLUAS_sim	 is	 the	 UAS-	simulated	 TL,	TLEst.log.linear is the TL es-
timated by the log- transformed linear model (Equation S4) using 
BHDFUAS_sim, N is the normal distribution, n is the number of SDRP indi-
viduals, De	is	the	UAS	error	with	estimates	of	TL	via	BHDF	of	surfacing	
animals, and Dsd	is	the	SD	for	the	UAS-	measurement	error.

Next, age classifiers were created to determine the proportion 
of SDRP individuals correctly assigned to their actual (or known) 
age-	class	bins	based	on	their	UAS-	simulated	BHDF	measurements	
and TL estimates. We defined five classification scenarios ranging 
from	narrow	to	broad	age-	class	bins;	age	spans	(“X–	Y”,	“X+”,	in	years)	
within	each	scenario	read	as,	respectively,	“greater	than	or	equal	to	
X	and	less	than	Y	years	old”	or	“greater	than	or	equal	to	X”.	These	
scenarios were selected to test the effect of age- bin widths (narrow 
vs. broad) on the age classification, based around the reproductive 
status	 of	 the	 animals.	 Scenario	A	 has	 seven	 age-	class	 bins	 (“0–	3”,	
“3–	7”,	 “7–	15”,	 “15–	25”,	 “25–	35”,	 “35–	40”,	 and	 “40+”),	 Scenario	 B	
has	six	age-	class	bins	(“0–	2”,	“2–	4”,	“4–	6”,	“6–	8”,	“8–	10”,	and	“10+”),	
Scenario	C	has	four	age-	class	bins	(“0–	3”,	“3–	8”,	“8–	15”,	and	“15+”),	
Scenario	D	has	three	age-	class	bins	 (“0–	2”,	“2–	10”,	and	“10+”),	and	
Scenario	E	has	two	age-	class	bins	(“0–	10”	and	“10+”).	Scenario	D	was	
designed following the age classification from Herrman et al. (2020) 
for the dolphins of the Sarasota community (i.e., calves, juveniles, 
and adults). For each scenario, the mean (±SD), minimum, and maxi-
mum	values	of	physical	BHDF	and	TL	were	calculated	for	every	age-	
class bin using the SDRP dataset. These length distributions were 
subsequently used to calculate the probabilities of assigning each 
individual across all age- classes using BHDFUAS_sim and TLUAS_sim .	The	
performance of each age classifier was determined by calculating 

(1)BHDFUASsim = BHDFSDRPphysical
∗

(

1 + N
(

n,DeBHDF
,DsdBHDF

))

(2)TLUASsim = TLEst.log.linear ∗
(

1 + N
(

n,De,Dsd

))

TA
B

LE
 1
 
Su
m
m
ar
y	
of
	s
am
pl
e	
si
ze
s,
	fa
ci
lit
y	
ve
rs
us
	c
om
m
un
ity
,	d
at
a	
co
lle
ct
ed
	(i
.e
.,	
ph
ys
ic
al
	v
s.
	U
A
S-
	m
ea
su
re
d)
,	a
nd
	a
na
ly
se
s	
pe
rf
or
m
ed
.

Lo
ca

tio
n 

(fa
ci

lit
y 

or
 d

at
a 

so
ur

ce
)

N
um

be
r o

f 
do

lp
hi

ns
Ty

pe
 o

f d
at

a 
co

lle
ct

ed
M

od
el

in
g 

th
e 

re
la

tio
ns

hi
p 

be
tw

ee
n 

TL
 a

nd
 

BH
D

F
Es

tim
at

in
g 

TL
 fr

om
 

U
A

S-
 m

ea
su

re
d 

BH
D

F
Te

st
in

g 
ac

cu
ra

cy
 o

f a
ge

 c
la

ss
ifi

er
s u

si
ng

 T
L 

es
tim

at
es

 a
nd

 B
H

D
F

O
ʻa
hu
	(D
ol
ph
in
	Q
ue
st
,	H
I,	
U
SA
)

5
U
A
S	
m
ea
su
re
m
en
ts

Ye
s

Ye
s

N
o

O
ʻa
hu
 +
 H
aw
ai
ʻi	
(D
ol
ph
in
	Q
ue
st
,	H
I,	
U
SA
)

18
	(6
 +
 1
2)

Ph
ys

ic
al

 m
ea

su
re

m
en

ts
Ye

s
N

o
N

o

Sa
ra
so
ta
	(S
D
RP
,	F
L,
	U
SA
)

26
8

Ph
ys

ic
al

 m
ea

su
re

m
en

ts
N

o
N

o
Ye

s

A
bb
re
vi
at
io
ns
:	B
H
D
F,
	b
lo
w
ho
le
	to
	d
or
sa
l	f
in
	d
is
ta
nc
e;
	T
L,
	to
ta
l	l
en
gt
h;
	U
A
S,
	U
no
cc
up
ie
d	
A
er
ia
l	S
ys
te
m
.

 20457758, 2023, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.10082 by N

H
S E

ducation for Scotland N
E

S, E
dinburgh C

entral O
ffice, W

iley O
nline L

ibrary on [03/08/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



6 of 18  |     VIVIER et al.

the proportions of time (in %) SDRP dolphins were correctly as-
signed to their actual age- class Finally, we simulated how young 
individuals (<10 years)	were	 classified	 across	 all	 age-	classes	 under	
Scenario	B.	This	allowed	us	to	better	understand	whether	correctly	
classifying younger individuals was possible, and how these animals 
were	 assigned	 based	 on	 UAS	 length	 estimates.	 Additionally,	 this	
allowed us to visualize where individuals were assigned when not 
correctly classified. Results were averaged over 1000 simulations. 
Testing	both	UAS-	simulated	estimates	of	BHDF	measurements	and	
TL	estimates	allowed	us	to	determine	whether	UAS-	simulated	BHDF	
could be used alone to assign an age- class to individuals, rather than 
estimating	TL	from	the	UAS-	simulated	BHDF.

3  |  RESULTS

3.1  |  Physical length measurements

Physical measurements of TL for stationary dolphins averaged 
252.6 ± 1.1 cm	 (mean ± SD,	 235.0–	274.3,	 n = 6)	 and	 241.3 ± 2.2 cm	
(212.1–	272.6,	n = 12)	at	DQO	and	DQH,	respectively.	Physical	meas-
urements	 of	BHDF	 for	 stationary	 dolphins	 averaged	73.6 ± 1.0 cm	
(66.1–	80.1)	 and	 70.6 ± 0.9 cm	 (60.5–	78.7,	 n = 263)	 at	 DQO	 and	
DQH, respectively. Similarly, true TL of Sarasota dolphins aver-
aged	 234.7 ± 26.1 cm	 (166–	285)	 and	 true	 BHDF	 averaged	 BHDF	
71.7 ± 8.6 cm	(46–	107.5).

3.2  |  Calculating the error between physical versus 
UAS measurements

The average difference between the TL measurements of sta-
tionary	 dolphins	 by	 physical	 and	 UAS	 methods	 was	 0.1 ± 1.3%	

(mean ± SE)	 across	 all	 five	 altitudes	 (Figure 3). The levels of ac-
curacy	of	UAS	measurements	were	similar	regardless	of	altitude,	
suggesting that sampling can be successfully conducted between 
16	 and	 50 m.	However,	 precision	 in	 the	measurements	was	 bet-
ter	using	 images	collected	from	40	and	50 m	altitudes	 (Figure 3). 
Similarly,	 the	 difference	 between	 BHDF	 measurements	 of	 sta-
tionary	 dolphins	 by	 physical	 and	 UAS	 methods	 was	 1 ± 2.4%	
(Figure A3).

Across	 all	 altitudes,	dolphin	TL	estimated	 through	UAS	photo-
grammetry	 using	 “surfacing”	 BHDF	 (i.e.,	TLEst.log.linear; Equation S4) 
were	overestimated	by	3.3 ± 3.1%	compared	with	their	correspond-
ing physical measurements (Figure 4).	All	altitudes	provided	similar	
levels of accuracy, although greater precision was achieved for the 
three highest altitudes (Figure 4).

3.3  |  Estimating TL using UAS 
measurements of BHDF

The	 ratio	 between	 physical	 measurements	 of	 BHDF	 and	 TL	
(Equation S1)	 was	 29.2,	 with	 BHDF	 representing	 approximately	
30%	 of	 TL.	 Applying	 this	 ratio	 (Equation	 S2), TL was underesti-
mated	by	0.2 ± 4.2%	using	physical	measurements	of	BHDF.	Using	
a	linear	relationship	between	TL	and	BHDF	(p- value <.001, R2 = .76,	
Figure A2),	TL	estimates	based	on	physical	measurements	of	BHDF	
were	underestimated	by	0.9 ± 3.2%	and	1.0 ± 3.2%	with	 the	 linear	
(Equation S3) and log- transformed linear models (Equation S4). 
These results indicated that these models can be used to accurately 
estimate	TL	via	BHDF	(Table 2). Therefore, we used the same mod-
els	to	estimate	TL	of	surfacing	animals	using	UAS	measurements	of	
their	BHDF.	UAS-	estimated	TL	were	overestimated	by	6.8 ± 3.8%,	
3.4 ± 3.1%,	and	3.3 ± 3.1%	with	the	ratio,	linear,	and	log-	transformed	
linear models, respectively (Table 2).

F I G U R E  3 Mean	differences	(%)	
in total length between physical 
measurements	and	UAS	estimates	of	five	
stationary bottlenose dolphins. Errors 
are represented for each altitude (m, 
gray header) and individuals are color- 
coded	(a–	e).	The	dashed	line	indicates	
zero difference. The horizontal bold line 
represents the median value, and the 
whiskers represent the upper and lower 
25%	of	values.	Sample	sizes	can	be	found	
in Table A2.	UAS,	Unoccupied	Aerial	
System.
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    |  7 of 18VIVIER et al.

3.4  |  Testing the performance of the age classifiers 
using UAS- simulated TL estimates

Mean age- classifier performance increased from 34.6% to 79.8% of 
correctly assigned individuals as the number of age- class bins was 
reduced (Table 3).	 Additionally,	 classifier	 performance	 was	 nearly	
equivalent	 between	 UAS-	simulated	 BHDF	 measurements	 and	 TL	
estimates,	with	the	BHDF	method	performing	better	for	the	young-
est	age-	class	bins	(0–	3	and	0–	2 years,	Table 3).	Across	all	scenarios,	
performance was best in the youngest age- class bins. Overall, per-
formance was best when using three age- class bins (around 72% 
for	both	TL	and	BHDF	methods,	Scenario	D)	or	two	age-	class	bins	
(79.8%	and	79.1%	for	TL	and	BHDF	methods	respectively,	Scenario	
E).

Finally,	 under	 Scenario	 B,	 we	 quantified	 where	 individuals	
were classified when not assigned to their correct age- class using 

UAS-	simulated	 TL	 estimates	 (Figure 5a)	 and	 UAS-	simulated	 mea-
surements	 of	 BHDF	 only	 (Figure 5b).	 Overall,	 72.5%–	93%	 of	 the	
individuals were correctly classified within two age- class bins 
(one age- class bin younger and older) of their actual age- class bin 
(Table 4a).	Similar	results	were	obtained	when	using	UAS-	simulated	
BHDF	measurements	only	(Figure 5b; Table 4b).

4  |  DISCUSSION

Early detection of changes in vital rates of free- ranging delphinids 
due to environmental and anthropogenic stressors is needed to bet-
ter forecast changes in population dynamics. Despite some caveats, 
we	 successfully	 tested	 and	 simulated	 a	 new	 approach	 using	 UAS	
photogrammetry to assess the population age structure of bottle-
nose	 dolphins,	 demonstrating	 the	 utility	 of	 UAS	 photogrammetry	
for quantifying age- class structure in free- ranging delphinid popu-
lations, which, in turn, can facilitate the detection of early signs of 
population changes.

Our study was divided into two components. The first aimed to 
ground-	truth	 the	 precision	 and	 accuracy	 of	UAS	 photogrammetry	
measurements	 by	 comparing	 physical	 to	UAS-	measured	 distances	
of	TL	and	BHDF	of	bottlenose	dolphins	under	human	care.	TL	es-
timates	 of	 surfacing	 dolphins	 from	 UAS-	measured	 BHDF	 of	 sur-
facing	 dolphins	 were	 overestimated	 by	 3.3 ± 3.1%	 (Table 2) using 
log- transformed linear models (Methods S1). The second component 
aimed to evaluate our ability to infer age- class using TL estimates 
(based	on	UAS	measurements	of	BHDF)	or	UAS	measurements	of	
BHDF	 alone	 and	 then	 assess	 the	 age	 structure	 of	 a	 free-	ranging	
community of bottlenose dolphins (Figure 1). Our approach per-
formed best (~80% and ~72%) when classifying individuals into age- 
class	 bins,	 especially	 into	 two	 (“0–	10”	 and	 “10+”)	 or	 three	 (“0–	2”,	
“2–	10”,	and	“10+”)	bins,	respectively	(Table 3).

F I G U R E  4 Mean	differences	(%)	
in total length between physical 
measurements	and	UAS	estimates	from	
BHDF	of	five	surfacing	bottlenose	
dolphins. Errors are represented for each 
altitude (m, gray header) and individuals 
are	color-	coded	(a–	e).	The	dashed	line	
represents zero difference. The horizontal 
bold line represents the median value, 
and the whiskers represent the upper and 
lower	25%	of	values.	Sample	sizes	can	
be found in Table A2.	BHDF,	blowhole	
to	dorsal	fin	distance;	UAS,	Unoccupied	
Aerial	System.

TA B L E  2 Mean	error	(%	difference ± SE)	between	physical	TL	
and estimated TL for five bottlenose dolphins.

Equation

Mean TL difference (%)

Physically 
measured 
BHDF

UAS- measured 
BHDF

TLEst.ratio (Equation S2) −0.2 ± 4.2 6.8 ± 3.8

TLEst.linear (Equation S3) −0.9 ± 3.2 3.4 ± 3.1

TLEst.log.linear (Equation S4) −1.0 ± 3.2 3.3 ± 3.1

Note:	TL	was	estimated	(a)	using	average	physically	measured	BHDF,	
and	(b)	using	average	UAS-	measured	BHDF	for	surfacing	animals	across	
five altitudes. TLEst.ratio is the estimated TL using the ratio between 
TL	and	BHDF,	TLEst.linear is the estimated TL using a linear model, and 
TLEst.log.linear is the estimated TL using a log- transformed linear model.
Abbreviations:	BHDF,	blowhole	to	dorsal	fin	distance;	TL,	total	length;	
UAS,	Unoccupied	Aerial	System.
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4.1  |  Accounting for sources of error between 
physical measurements and UAS estimates

The	precision	and	accuracy	of	UAS-	estimated	TL	resulting	from	this	
study compare favorably with other photogrammetric methods used 
to	 measure	 free-	ranging	 marine	 mammals.	 UAS	 	photogrammetric	
methods overestimated the TL of leopard seals (Hydrurga leptonyx) by 
~2.0%	(Krause	et	al.,	2017),	Australian	snubfin	dolphins	(Orcaella hein-
sohni), and humpback dolphins (Sousa sahulensis) by ~3.0% (Christie 
et al., 2021), and manatees (Trichechus manatus manatus) by ~8.0% 
(Ramos et al., 2022). Similarly, using stereo- laser photogrammetry, TL 
estimates	of	bottlenose	dolphins	based	on	BHDF	were	overestimated	
by 1.4% (Cheney et al., 2018)	and	1.9%	(van	Aswegen	et	al.,	2019).

A	negligible	difference	was	documented	in	inter-	observer	(1	and	
2)	measurements	of	TL	and	BHDF	estimates	for	the	Inspire	2,	despite	
a significant difference across observers and platform (Tables A3 
and A4). However, various sources of error could influence the ac-
curacy	and	the	precision	of	UAS	photogrammetry.	The	most	nota-
ble	source	of	error	was	 inaccurate	readings	of	UAS	altitude	at	 the	
time of image collection (Perryman & Lynn, 1993), as precise altitude 
readings are required to convert image pixel lengths to absolute 
measurements (Dawson et al., 2017). The location and positioning 
of the altimeter custom- mounted on the body frame of the Inspire- 2 
(instead of the camera gimbal) may have altered its altitude readings 
and resulted in bias. That is, the altimeter on the Inspire- 2 points 
90°	down	in	relation	to	the	UAS	body	frame,	whereas	the	altimeter	
on	the	APH-	22	was	mounted	on	the	camera	gimbal	and	points	~90° 
down in relation to the ground. However, altitude corrections were 
applied to account for pitch and roll of the Inspire- 2 (Christiansen 
et al., 2018). Shadows and/or sun reflection on the animal's body 
can obscure the identification of the blowhole and the insertion of 
the dorsal fin, thus potentially biasing our TL estimates. Our results 
suggested the curvature of the dolphin's body as a bias, also sup-
ported by Jaquet (2006).	Additional	sources	of	error	include	angle	of	
the	camera	and	lens	distortion	(Burnett	et	al.,	2019), and water dis-
tortion (Dittmann & Slooten, 2016).	Finally,	an	innovative	Bayesian	
approach for propagating uncertainty in laser readings down to 
parameters	 of	 interest	 (i.e.,	 TL,	 BHDF,	 age-	class)	 was	 developed	
(Bierlich,	Hewitt,	et	al.,	2021;	Bierlich,	Schick,	et	al.,	2021). Our fre-
quentist approach addressed this uncertainty by smoothing the raw 
altitude data to account for laser reading uncertainty. However, this 
smoothing may underestimate the uncertainty in the measurements 
of TL (and slightly narrow down the error bars around these), and age 
classification. Future research should explore how the two different 
approaches to addressing uncertainty vary in age- class probabilities. 
Despite these possible sources of errors, our findings support the 
accurate	performance	of	UAS	photogrammetry	to	infer	TL	based	on	
BHDF	measurements	of	surfacing	animals.

Three modeling approaches were tested to estimate the TL of sur-
facing	 bottlenose	 dolphins	 from	UAS-	measured	BHDF.	Deriving	 TL	
using	the	TL/BHDF	ratio	provided	the	least	accurate	estimates.	Results	
from the two other methods were similar, albeit with slightly better es-
timates using the log- transformed linear model. However, some limita-
tions may arise from a log transformation, as it may make the data more 
variable and skewed (Feng et al., 2014). While strong, the strength of 
the	relationship	between	TL	and	BHDF	for	the	18	bottlenose	dolphins	
at DQO and DQH (R2 = .76)	was	less	than	those	documented	for	free-	
ranging bottlenose dolphins (R2 = .96,	n = 11—	Cheney	et	al.,	2018; and 
R2 = .99,	n = 129—	van	Aswegen	et	al.,	2019) and the Sarasota bottle-
nose dolphin community (R2 = .86,	n = 282—	unpublished	 results	pro-
vided by R.W.). We believe this may be due to our small sample size 
(n = 18).	Overall,	despite	our	small	sample	size,	we	confirmed	the	high	
accuracy	of	UAS	photogrammetry	in	obtaining	accurate	morphomet-
ric measurements of dolphins. However, the relationship between TL 
and	BHDF	may	differ	between	populations.	In	Australia,	stereo-	laser	
photogrammetry demonstrated that the growth rate and individual 

F I G U R E  5 Mean	proportions	of	correctly	assigning	age-	class	
bins	to	individuals	under	Scenario	B	using	(a)	UAS-	simulated	TL	
from	UAS-	simulated	BHDF	measurements	and	(b)	UAS-	simulated	
BHDF	measurements	only.	Results	were	averaged	over	1000	
simulations. Darker cells indicate a better performance; age- class 
bins are expressed in years and the probability is expressed in 
percentage. The sample size for each age- class bin is listed in 
Table 4.	A	probability	distribution	in	assigning	individuals	to	correct	
age-	class	bins	for	both	UAS-	simulated	BHDF	and	TL	methods	
can be found in the Supplementary Materials (Figure A4).	BHDF,	
blowhole	to	dorsal	fin	distance;	TL,	total	length;	UAS,	Unoccupied	
Aerial	System.
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body	 lengths	differed	between	 two	Australian	populations	of	 Indo-	
Pacific bottlenose dolphins (Tursiops aduncus), where individuals in 
temperate waters were significantly longer (~30%) than their counter-
parts	inhabiting	sub-	tropical	waters	(van	Aswegen	et	al.,	2019).

4.2  |  Quantifying the age structure of the Sarasota 
dolphin community

Assigning	individuals	to	age-	classes	via	UAS	photogrammetry	using	TL	
(via	BHDF)	or	BHDF	is	a	promising	approach	to	inform	population	as-
sessments when age- length growth curves are available for the study 
population. We obtained high classification scores when predicting 
the age of individuals to within two age- class bins of the actual age- 
class (Figure 5) and demonstrated that a narrower age- class bin width 
is less likely to correctly age- classify older animals (Table 3, Scenarios 
A	 and	 C)	 because	 of	 overlapping	 length	 distributions.	Our	 findings	
highlight the importance of defining appropriate age- class bins for 
the study population. In this study, classifying individuals into three or 
two age- classes performed best. Our findings compared with those by 
Cheney et al. (2022), who correctly age- classified ~66% of the bottle-
nose dolphins they sampled (n = 54)	in	Scotland	using	five	age-	classes.	
However,	they	concluded	that	TL	determined	via	UAS	photogramme-
try was not fully reliable to correctly age- classify individuals.

In Sarasota, the age- length growth curve for the bottlenose 
dolphin	 reaches	 a	plateau	at	10–	15 years	 (Read	et	 al.,	1993). Such 
a growth pattern may explain the difficulty in accurately estimating 
ages of individuals (via TL) for a range of ages that do not significantly 
differ in length (e.g., 10+ years old). Nonetheless, we demonstrated 

an acceptable age classification of younger dolphins (<10 years)	in-
dependent of age- class bin width. In this study, the age classifier per-
formance was better when fewer and broader age- class bins were 
used	for	assigning	individuals	based	on	UAS-	simulated	BHDF	mea-
surements and TL estimates, and was best when two age- classes 
were	used	(“0–	10”	and	“10+”	years,	Table 3).

Similar	accuracies	were	obtained	whether	using	UAS-	simulated	
BHDF	 measurements	 or	 associated	 TL	 estimates	 when	 age-	
classifying individuals (Table 3).	 Since	UAS-	measured	BHDF	alone	
seems promising to quantify the age structure of free- ranging del-
phinid populations, there is potential for this method to be used for 
populations with little to no readily available demographic infor-
mation.	Although	assumptions	would	have	to	be	made	about	their	
age- length growth curves, large offshore populations may greatly 
benefit	from	this	method	since	UAS	photogrammetry	could	allow	for	
efficient sampling of large groups.

4.3  |  Age structure and conservation: applicability

Data- informed population models are required for the sustainable 
management of wildlife populations (Crouse et al., 1987; Morris 
et al., 2011). The age structure of individuals within a population is 
often at the center of these models, as other parameters such as 
individual growth (Clark et al., 2000) and survival and reproductive 
rates	(Barlow	&	Boveng,	1991; Loison et al., 1999) vary by age. The 
ability to assign individuals to age- classes not only benefits the study 
of populations (Crouse et al., 1987; Holmes et al., 2007; Slooten & 
Lad, 1991), but it also enables the quantification of changes in 

TA B L E  4 Mean	proportions	of	individuals	correctly	assigned	within	two	age-	class	bins	under	Scenario	B	and	simulated	(a)	UAS-	estimated	
TL	via	BHDF	measurements	and	(b)	UAS-	measured	BHDF	only.

Age- class Bins (years) Probability (%) of correct assignment in the following age- class bins

Actual
Estimated 0– 2 2– 4 4– 6 6– 8 8– 10 10+

(A)	TL	based	on	
BHDF

0– 2 (n = 27) 93 5.5 0.9 0.6 0

2– 4 (n = 128) 79 11.5 7.3 2.4

4– 6 (n = 91) 2.6 72.5 19.7 5.2

6– 8 (n = 73) 0.5 9.3 80.2 10.0

8– 10 (n = 42) 1.2 5.3 19.3 74

10+ (n = 381) 0.1 1.1 7 16.6 75.2

Actual 
Estimated 0– 2 2– 4 4– 6 6– 8 8– 10 10+

(B)	BHDF 0– 2 (n = 27) 95.1 3.4 0.8 0.6 0

2– 4 (n = 128) 79 10.8 7.2 3.0

4– 6 (n = 91) 3.9 70.2 18.3 7.5

6– 8 (n = 73) 0.9 13.0 72.9 13.1

8– 10 (n = 42) 1.6 8.3 18.4 71.7

10+ (n = 381) 0.1 2.5 7.2 13.2 77.1

Note: Results were averaged over 1000 simulations. Shaded fused cells and bold numbers indicate the probability of assigning individuals to within 
two age- class bins of the actual age- class bin tested. Numbers in brackets represent the sample size per actual age- class bin.
Abbreviations:	BHDF,	blowhole	to	dorsal	fin	distance;	TL,	total	length;	UAS,	Unoccupied	Aerial	System.
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survival and other parameters within and across age- classes (Holmes 
& York, 2003). For instance, survival through the first winter was 
strongly related to the length of bottlenose dolphin calves in Moray 
Firth, Scotland (Cheney et al., 2018).

Unstable demographic structure (e.g., an unbalanced age struc-
ture or sex ratio) has significant implications for population dynam-
ics (Jackson et al., 2020). In Moray Firth, an increase in juvenile/
adult	bottlenose	dolphin	survival	over	a	25-	year	timespan	was	most	
likely	 caused	 by	 a	 45%	 decrease	 in	 juvenile	 mortality	 rate	 (Civil	
et al., 2018).	Booth	et	al.	(2020) evaluated the utility of the ratio of 
calves to mature females and the proportion of non- adults in the 
population, while simulating the likely effectiveness of a monitor-
ing program on a declining population of 40% or more by the end 
of the disturbance period. They highlighted the importance of the 
proportion of immature individuals in a population, for which a pro-
portion of 20% or more correctly identified 81% of all declines in 
year	5	 (Booth	et	al.,	2020). These results suggested that the ratio 
of immature animals in the population may help with forecasting a 
potential	population	reduction.	UAS	photogrammetry	may	facilitate	
the assessment of the proportion of individuals within specific age- 
classes within a population over time and may help detect or fore-
cast potential changes in a population.

Our method focused on a bottlenose dolphin population; how-
ever, it can be applied to other delphinid species of interest. Spinner 
dolphins (Stenella longirostris) in the main Hawaiian Islands have 
become	 a	 management	 priority	 since	 20051,2 Increasing tourism 
activities in the resting areas used by these dolphins (Heenehan 
et al., 2017; Tyne et al., 2018) have raised concerns for the long- 
term	 viability	 of	 island-	associated	 populations.	 Boat-	based	 photo-	
identification surveys designed to estimate the abundance of spinner 
dolphins	in	Kona,	Hawaiʻi,	revealed	a	lower	population	size	(n = 631,	
95%	CI	524–	761;	Tyne	et	al.,	2014) than previously estimated (960 
and 1001; Norris et al., 1994; Östman- Lind et al., 2004, respec-
tively).	However,	9 years	of	similar	surveys	would	be	required	to	de-
tect a 37% decline in this spinner dolphin stock (Tyne et al., 2016). 
Designing surveys to determine the age structure of the groups en-
countered may facilitate understanding the overall age structure of 
the population studied. Faster detections of population changes may 
be	facilitated	using	UAS	photogrammetry	as	a	practical	and	efficient	
tool to monitor the age structure of cetacean populations.

5  |  CONCLUSION

Our	study	demonstrates	the	use	of	UAS	photogrammetry	as	a	prom-
ising and reliable tool for monitoring the age structure of free- ranging 
delphinid	species.	Ultimately,	UAS	photogrammetry	has	the	potential	
to more rapidly inform management compared with traditional sur-
vey methods. This technique, as one more tool combined with other 
more traditional approaches, can improve precision around popula-
tion demographic estimates and therefore has the potential to im-
prove the power of population monitoring (Jacobson et al., 2020).
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APPENDIX A

Tables A1, A2, A3, A4 and Figures A1, A2, A3, A4.
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TA B L E  A 1 Summary	of	the	abbreviations	used	in	this	manuscript	and	their	definition.

Abbreviation Definition

TL Total length of dolphin. Total body length from the tip of the rostrum to the notch in the flukes

BHDF Blowhole	to	dorsal	fin	anterior	insertion.	Distance	between	the	center	of	the	blowhole	and	the	insertion	of	the	dorsal	fin

UAS Unoccupied	Aerial	System,	also	referred	as	drone

UAS-	measured Measured	via	UAS-	photogrammetry.	Any	length	directly	measured	through	UAS-	photogrammetry	(e.g.,	TL	and	BHDF)

UAS-	estimated Estimated	via	UAS-	photogrammetry.	When	TL	is	estimated	based	on	BHDF	(a	proxy	for	TL)

UAS-	simulated Simulated	measurement	based	on	physical	measurements	with	the	estimated	UAS-	measurement	error

DQO Dolphin	Quest	Oʻahu.	Six	adult	male	bottlenose	dolphins	from	this	facility	were	physically-		and	UAS-	measured

DQH Dolphin	Quest	Hawaiʻi.	Six	male	and	six	female	bottlenose	dolphins	of	various	ages	were	physically	measured

SDRP Sarasota Dolphin Research Program. SDRP's long- term dataset (n = 742	physical	assessments	of	263	unique	individuals	
collected from 1984 to 2019) was used to develop an age- classifier
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TA B L E  A 2 Summary	table	of	the	number	of	images	measured	for	each	dolphin	per	Unoccupied	Aerial	System	platform	(UAS),	altitude,	
and behavior (stationary/free swimming).

ID

Number of images measured per platform (stationary/free swimming)

Inspire- 2 APH- 22

16m 20m 30m 40m 50m 16m 20m 30m 40m 50m

A 3/3 3/3 3/3 3/2 3/0 –	/–	 –	/2 –	/2 –	/1 –	/3

B 3/3 3/3 3/3 3/3 3/3 3/–	 2/3 1/3 3/3 –	/–	

C 3/3 3/3 3/3 3/3 3/1 3/1 3/3 3/3 2/3 3/3

D 3/3 3/3 3/3 3/3 3/3 3/3 3/3 3/3 3/3 3/3

E 3/3 3/3 3/3 3/3 3/3 3/3 3/1 3/2 3/–	 3/–	

F 0/0 0/0 0/0 0/0 0/0 3/2 2/2 2/2 3/2 2/3

Note:	Shaded	cells	highlight	individuals	for	which	three	measurements	were	not	possible	because	either	a	flight	was	not	conducted	(–	)	or	the	flight	
resulted	in	fewer	than	three	images	of	sufficient	quality.	Individual	F	was	removed	from	the	analyses	for	both	UAS	platforms,	while	individual	A	was	
removed	from	the	analysis	for	the	APH-	22	only.

TA B L E  A 3 Inter-	observer	difference	(mean ± SE)	in	total	length	(%)	between	physical-		and	Unoccupied	Aerial	System	(UAS)-	measured	TL	
for	stationary	animals	and	BHDF	for	surfacing	animals.

Altitude (m)

Difference between physical and UAS- measurements (%)

Inspire- 2 APH- 22

TL (stationary) BHDF (surfacing) TL (stationary) BHDF (surfacing)

Observer 1 Observer 2 Observer 1 Observer 2 Observer 3 Observer 4 Observer 3 Observer 4

16 −0.1 ± 1.7 −0.4 ± 2.8 5.1 ± 5.9 5.5 ± 5.5 −2.5 ± 2.4 −2.5 ± 2.5 4.3 ± 2.6 6.9 ± 3.1

20 0.8 ± 1.6 0.7 ± 1.8 6.5 ± 3.9 6.0 ± 3.0 −0.2 ± 2.0 −0.2 ± 1.8 0.7 ± 3.7 2.8 ± 3.1

30 −0.6 ± 1.0 −0.6 ± 1.6 6.2 ± 2.9 6.5 ± 3.0 −0.5 ± 1.3 −0.5 ± 1.2 1.5 ± 4.6 3.0 ± 4.7

40 0.1 ± 1.0 0.0 ± 0.5 4.9 ± 3.7 2.0 ± 4.8 −0.4 ± 1.0 0.3 ± 1.0 0.9 ± 3.3 4.1 ± 3.7

50 0.1 ± 1.3 0.1 ± 0.6 7.0 ± 3.5 7.1 ± 3.7 −0.4 ± 0.5 0.6 ± 0.6 0.5 ± 6.2 2.7 ± 5.9

Mean 0.1 ± 1.3 0.0 ± 1.5 5.9 ± 4.0 5.4 ± 4.0 −0.7 ± 1.4 −0.6 ± 1.4 1.6 ± 4.1 3.9 ± 4.1

Note:	Observers	also	measured	the	BHDF	using	the	same	set	of	stationary	images	(results	not	presented	but	are	consistent	with	TL	results).	Results	
are	presented	for	each	UAS-	platform.
Abbreviations:	BHDF,	blowhole	to	dorsal	fin	distance;	TL,	total	length;	UAS,	Unoccupied	Aerial	System.

TA B L E  A 4 Results	from	a	paired	Wilcoxon	test	(p- values) 
evaluating the difference in measurement accuracy across 
observers	and	platforms	(DJI	Inspire-	2	and	APH-	22)	for	stationary	
animals	(TL)	and	surfacing	animals	(BHDF).

Measurement accuracy (p- values) between:

Observer 1 
versus 2

Observer 3 
versus 4

Observers 
1 + 2 versus 
3 + 4

TL (stationary) 0.10
(V = 0,	n = 10)
CV = 39.1

0.19
(V = 2,	n = 10)
CV = 18.2

<0.01
(V = 0,	n = 20)
CV = 161.7

BHDF	
(surfacing)

0.81
(V = 9,	n = 10)
CV = 26.3

0.06
(V = 0,	n = 10)
CV = 75.2

<0.01
(V = 55,	n = 20)
CV = 225.8

Note: V represents the measure of similarity between compared values 
and n represents the sample size. CV represents the coefficient of 
variation within observations (expressed in percentage).
Abbreviations:	BHDF,	blowhole	to	dorsal	fin	distance;	TL,	total	length.

F I G U R E  A 1 Location	of	the	A)	natural	notch	created	by	the	
overlap	of	the	fluke	lobes	and	B)	notch	where	the	fluke	lobes	
separate. The natural notch created by the overlapping fluke lobes 
was used for total length measurement.

 20457758, 2023, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.10082 by N

H
S E

ducation for Scotland N
E

S, E
dinburgh C

entral O
ffice, W

iley O
nline L

ibrary on [03/08/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



16 of 18  |     VIVIER et al.

F I G U R E  A 2 Relationship	between	
the	physical	TL	and	physical	BHDF	for	
bottlenose dolphins under human care 
(Dolphin	Quest,	HI,	USA).	Red	dots	
represent dolphins measured at the 
Dolphin	Quest	Oʻahu	facility	(n = 6),	
while black dots represent dolphins 
measured	at	the	Dolphin	Quest	Hawaiʻi	
facility (n = 12).	The	black	line	depicts	the	
BHDF	to	TL	relationship	(n = 18,	R2 = .76,	
y = 2.408 x + 72.521).	BHDF,	blowhole	to	
dorsal fin distance; TL, total length.

F I G U R E  A 3 Mean	differences	(%)	in	BHDF	between	physical	measurements	and	UAS-	measurements	of	five	stationary	bottlenose	
dolphins.	Errors	are	represented	for	each	altitude	(m,	grey	header)	and	individuals	are	color-	coded	(A–	E).	The	dashed	line	indicates	zero	
difference,	and	error	bars	represent	95%	confidence	intervals.	BHDF,	blowhole	to	dorsal	fin	distance;	UAS,	Unoccupied	Aerial	System.
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Methods A1: Estimating dolphin total length (TL) using blowhole 
dorsal fin distance (BHDF) proxy measurements
Three	models	were	used	to	estimate	TL	from	BHDF:

To test the performance of these models using the physical meas-
urements	of	BHDF	 (Table	1),	 the	parameter	BHDFUAS was replaced 
by BHDFPhysical.

1.	 Ratio	 of	 BHDF/TL

The first model consisted of estimating an overall mean ratio be-
tween	the	mean	physical	BHDF	and	TL	measurements	(RatioBHDF/TL) 
for each dolphin (n = 18)	as	follows:

Then, TL estimates (TLEst.ratio, cm) for individual dolphins (n = 5)	
based	 on	 UAS-	measured	 BHDF	 (BHDFUAS) for surfacing animals 
were then calculated per altitude as follows:

(S1)RatioBHDF∕TL =
Physical BHDF

Physical TL

F I G U R E  A 4 Distribution	of	the	probabilities	of	age-	class	bin	assignment	by	actual	age-	class	bin	(i.e.,	each	subplot	with	a	blue	header).	An	
age-	classifier	was	used	to	estimate	how	bottlenose	dolphins	were	classified	when	not	assigned	to	their	correct	age-	class	under	Scenario	B	
using	(a)	UAS-	simulated	TL	from	BHDF,	and	(b)	UAS-	simulated	BHDF	measurements	only.	For	each	sub-	plot,	the	blue	boxplot	represents	the	
correct	assignment	of	the	age-	class.	Results	were	averaged	over	1000	simulations.	BHDF,	blowhole	to	dorsal	fin	distance;	TL,	total	length;	
UAS,	Unoccupied	Aerial	System.
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18 of 18  |     VIVIER et al.

2. Linear

Coefficients from a linear model (‘lme4’ package, R Core Team 
2022) testing the relationship between physical measurements of 
TL	and	BHDF	were	used	to	estimate	TL	from	UAS-	measurements	
of	BHDF	(cm)	from	surfacing	animals	and	per	altitude,	as	follows:

where TLEst.linear is the TL estimated from the linear model, a is the 
slope, b	is	the	y-	intercept,	and	BHDFUAS	is	the	UAS-	measured	BHDF	
for surfacing animals.

3. Log- transformed linear

The	 relationship	 between	TL	 and	BHDF	was	not	 fully	 isomet-
ric (i.e., linear relationship); the linear model underestimated TL 
for	 larger	BHDF	measurements	and	overestimated	TL	for	smaller	
BHDF	 measurements.	 Therefore,	 the	 response	 and	 predictor	

variables were log- transformed prior to using a linear model (‘lme4’ 
package, R Core Team 2022). TL (m) was estimated per altitude 
from	 UAS-	measurements	 of	 BHDF	 from	 surfacing	 animals	 as	
follows:

where TLEst.log.linear is the TL estimated from the log- transformed linear 
model, a is the slope, b	 is	the	y-	intercept,	and	BHDFUAS	 is	the	UAS-	
measured	BHDF	for	surfacing	animals.

Methods A2: Calculating the error (%) between physical and UAS 
measurements
The	%	error	 in	total	 length	(TL)	and	blowhole	to	dorsal	fin	(BHDF)	
between	 the	 physical	 measurements	 and	 the	 UAS-	measurements	
was calculated per altitude for each dolphin as follows:

where DL represents the % error in TL, MUAS	 is	 the	 mean	 UAS-	
measured	TL	or	BHDF	(cm),	and	MP	is	the	mean	physical	TL	or	BHDF	

(cm).

(S2)TLEst.ratio =
BHDFUAS

RatioBHDF∕TL

(S3)TLEst.linear = a∗BHDFUAS + b

(S4)TLEst.log.linear = e
a∗log(BHDFUAS)+b

(S5)DL =

(

MUAS ∗100
)

MP

− 100
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