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Abstract
Digital images are an excellent tool for divers to sample 
hard-bottom subtidal habitats as bottom time is limited and 
high-definition images can be collected quickly and accu-
rately. The present paper describes a sampling protocol for 
benthic rocky reef communities using geo-referenced pho-
toquadrats and tests the method over several rocky reefs of 
Atlantic Patagonia. This method was tested in two localities, 
separated by 100 km in a semi-enclosed gulf, covering a 
total of 5800 m of 11 rocky reefs using track roaming tran-
sects. The protocol is non-destructive, relatively low-cost 
and can adequately assess changes in marine habitats as 
rocky reefs. The implementation of artificial intelligence 
analysis using human expert training may reduce analysis 
time and increase the amount of data collected. The pre-
sent study recommends this sampling methodology for 
programs aimed at monitoring changes in biodiversity.

Keywords: scientific diving, benthic survey, global positioning 
system (GPS), underwater imaging

1. Introduction
Underwater sampling by SCUBA diving is challeng-
ing, and cost-effective methods are necessary to 
efficiently use available bottom time. Videos and 
still images have been shown to be an excellent tool 
for divers to sample hard-bottom subtidal habitats. 
They allow fast sampling which divers can comple-
ment with casual or qualitative in situ observations 
that may help to understand ecological patterns 
(Underwood et al., 2000).

The benefits and limitations of photoquadrats 
for subtidal surveys are well described (Preskitt et al., 
2004; Sayer and Poonian, 2007; van Rein et al., 2011; 

Beijbom et al., 2012; Eleftheriou, 2013; Berov et al., 
2016; Beisiegel et al., 2017). Among the benefits, 
less bottom time and non-destructive sampling are 
the main reasons why photoquadrats are chosen. 
Despite their limitation for taxonomic resolution, 
they are an efficient tool for detecting changes in 
benthic communities (e.g. Parravicini et al., 2009). 
This type of sampling has been used in several 
monitoring programmes, such as Census of Marine 
Life-NAGISA (Rigby et al., 2007), Victorian 
Subtidal Reef Monitoring Program (Hart et al., 
2005), AIMS Long Term Monitoring Program 
(Thompson et al., 2014); some have included citi-
zen participation (e.g. Reef Life Survey, Edgar and 
Stuart-Smith, 2014), with taxonomic expertise not 
a requisite for divers.

With the continuous development of technol-
ogy, the use of image-based tools for underwater 
surveys has increased. Digital photography has sig-
nificantly improved image resolution, sensor sensi-
tivity, image compression, battery life, apparatus 
size and cost. Therefore, photoquadrats should dis-
play improved quality, and combined with extra 
instruments (e.g. GPS, depth loggers) and basic 
computer skills, post-analysis should become easier 
and faster. Recent advances in machine learning 
for automated or semi-automated analysis of pho-
toquadrats have shown promising results (Beijbom 
et al., 2015; González-Rivero et al., 2016; Gormley 
et al., 2018; Williams et al., 2019). The adequate 
use of this method of image analysis can aid in clos-
ing the gap between the rapid acquisition of numer-
ous images and their required processing time. 

Underwater sampling protocols are often 
adapted or modified after field-testing under vari-
able conditions as visibility, currents, depth, type of *  Contact author. Email address: gonzalobravoargentina@gmail.com
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habitat, etc. Small upgrades are not often shared in 
scientific articles, although some online platforms 
(e.g. protocols.io, ocean best practices) include 
this information and keep it up to date. 

In Nuevo Gulf, Atlantic Patagonia (Fig 1), sev-
eral rocky reefs provide an excellent scenario to 
test sampling methodologies. The rocky reef exten-
sions range from 100 m to more than 1500 m, and 
shapes are normally lineal with an edge that gives 
place to small caves (see Fig 2). The present paper 
describes a sampling protocol for benthic rocky 
reef communities using geo-referenced photo-
quadrats and testing the method over several rocky 
reefs of Atlantic Patagonia. 

2. Materials and methods
2.1 Equipment set-up
For the photoquadrats, a Canon 100D (SL1) cam-
era placed in an Ikelite housing up to 60 m depth 
rating was used. This camera is one of the smaller 
and cheaper options for DSLT underwater photog-
raphy, and a full-change battery can take more than 
400 photos in water temperature between 12 °C– 
18 °C. The camera used had an 18 mm–55 mm 
Canon lens, and all images were taken with a focal 
length of 18 mm, auto focus, ISO 400 and exposure 
1/200 s at f/11. As most underwater professional 
photographers recommend strobes for still photog-
raphy, two Ikelite DS-161 strobes were used. These 

flashes provide more than 300 shoots (in the tem-
perature range 12 °C–18 °C), which is a much 
greater amount than that provided by continuous 
dive lights. The through-the-lens (TTL) function 
was used in order to have optimal lighting in each 
photo, and the directions of strobes were crucial to 
avoid backscatter in low visibility conditions (Fig 3). 

The system was mounted on a rigid stainless 
steel structure with a 50 cm distance between the 
lens and the sea floor, giving a 0.0625 m2 quadrat 
(0.25 m × 0.25 m) in the middle of the photo. A 
stainless steel structure (not PVC as in Bravo et al., 
2015) of 6 mm diameter was used in order to 
increase the stability and resistance of the tetra-
pod. The latter is important when taking photos in 
rough conditions such as strong currents or shore 
breaks which can cause the camera frame to suffer 
substantial collisions. The stainless steel structure 
was painted in order to avoid flash reflection. The 
camera and strobes were attached to the stainless 
steel tetrapod by a Velcro system that allowed 
removal of the camera from the structure whilst 
diving if a close-up photo is needed. The frame, 
camera and flashes weighed a total of 8.8 kg, which 
needed to be taken into consideration for the div-
ing weight calculations. 

A dive computer (Oceanic Geo2) was mounted 
on one side of the quadrat to record depth (± 0.3 m) 
and temperature (±1 °C) of each photo. This 
information was used for descriptive and compara-
tive purposes; for precise use of this type of data, 
computers should be accurately calibrated (see Azz-
opardi and Sayer, 2012). Divers carried a PARALENZ 
video camera (https://www.paralenz.com) on the 

Fig 1: (a) Study site with black dots representing rocky reefs 
sampled; (b) southwest regions; (c) northeast regions; and (d) 
close-up of Pardelas Bay. Black lines represent the tracked 
transects on three reefs

Fig 2: Diagram of diver with the sampling equipment: GPS 
buoy on the surface; PARALENZ (www.paralenz.com) video 
camera on the diver mask; underwater camera with flashes and 
stainless-steel structure frame. H = horizontal surfaces; V = 
vertical surfaces; O = overhang surfaces; and C = cavefloor 
surfaces. Original reef drawing by Gaston Trobbiani 
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mask filming the transect, and recording depth 
and temperature. The information from these vid-
eos was used to characterise the rocky reefs (results 
not presented in this paper). 

A zodiac boat followed the divers’ path with the 
buoy on the surface as reference. When dives were 
performed without zodiac assistance, the reef was 
not further than 300 m from the coast line; a diver 
supervisor followed the buoy and assisted with the 
entrance and exit at sites that were explored before 
each dive.

3. Sampling
Photoquadrats separated by at least 1.5 m were 
taken randomly along tracked roaming transects on 
the rocky reef. The presence of cavities with heights 
of 1.5 m–3 m below the rocky reef ledges provided 
enough space to sample four different surface ori-
entations (horizontal, vertical, overhang and cave 
floor; Fig 2); when the cavities were smaller, only 
horizontal and vertical surfaces were sampled. Hor-
izontal and vertical surface orientations were sam-
pled in all reefs. In order to compare rocky reefs 
from two regions of Nuevo Gulf, six rocky reefs in 
the southwest and five reefs in the northeast were 
sampled during the same year. Reefs were separated 
by more than 100 m within each region. 

3.1. Georeferencing photoquadrats
The geolocation procedure used for transects was: 

1)	GPS and camera time were synchronised. This 
was done by aligning the camera clock with the 
GPS clock before each dive. 

2)	The GPS was set on track mode recording one 
waypoint every 3 seconds. 

3)	The portable GPS (e.g. Garmin etrex 10) was 
placed in a dry bag on top of a rescue can buoy 
connected to the diver by a monofilament line 
using a diving reel (Fig 2). The use of two GPS 
devices on the buoy was ideal to reduce the risk 
of losing data caused by low battery or other 
drawbacks of the GPS. 

4)	Divers maintained the monofilament line as 
tightly as possible in order to avoid angles be-
tween the buoy and the diver. This could pro-
duce a vertical force over the diver, and the reel 
with the line needed a safety fast release. 

5)	At the end of the survey, divers saved the track 
file on the GPS.

6)	Photos were georeferenced using the function 
‘Auto-tag photos’ in Adobe Lightroom Classic 
version: 9.1. This software allows uploading of 
.gpx files and synchronises photos using time. 
Other options for performing this task are: 
GPS-Photo Link software, the open-source code 
‘benthic photo survey’ (Kibele, 2016) or a cus-
tomised R code (e.g. https://github.com/gon-
zalobravoargentina/photoquadrats).

7)	GPS position was stored on the metadata of each 
photo, and this information could be processed 
in a GIS software. 

3.2. Image analysis
Images were prepared for analysis using photo 
processing software (Adobe Lightroom Classic 
version: 9.1). Lightroom presents many function-
alities which improve the organisation and pro-
cessing of photos, such as the ‘Auto Sync’ tool 
which allows changes to be applied to a set of pho-
tos (e.g. cropped area of interest, lens corrections, 
addition of metadata). All images passed through 
the same workflow in the Lightroom program: 

Fig 3: Flash direction and its effect on backscattering under low visibility conditions. The diving computer can be seen in the top 
left of the photos
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(1) geo-referencing with the gpx file using ‘Auto-
tag photos’; (2) including depth, site and surface 
orientation data on photo´s metadata; (3) white 
balance selecting a white tape on the frame; (4) 
cropping the area of interest (0.25 m × 0.25 m); 
and (5) automatic lens distortion correcting using 
the lens profile. Blurry or out-of-focus images 
were discarded and those that were too dark or 
bright were corrected. 

In order to follow the same guidelines in the 
metadata information, depth was included on the 
elevation field, surface orientation was included in 
the caption field, and site was included on the sub-
location field in the Lightroom program. The pro-
cess of including depth on the metadata information 
can be time demanding as it must be done individ-
ually for each photo in Lightroom. An alternative 
would be to use an R code to merge GPS, depth 
and temperature data to each photo and obtain a 
.csv file (e.g. https://github.com/gonzalobravoar-
gentina/photoquadrats).

The photoquadrat analyses were performed in 
CoralNet (https://coralnet.ucsd.edu). This open 

source and free software can be used from any 
computer via an internet server and allows several 
users to work on the same source. The metadata for 
all photos was uploaded using a .csv file that was 
created by reading photo metadata by R code. 
While some studies suggested changing the photo 
name in order to have all metadata information 
included in the file name, it was noted that leaving 
the original name of the photo or an ID number 
allows faster filtering when using CoralNet and 
Lightroom. Percentage cover of algae and sessile 
invertebrates was calculated using a 100-point grid 
overlaid on each photo. Grid points lacking sub-
strate were removed and percentage cover of each 
taxa was recalculated without these. All slow mobile 
fauna per image were counted to calculate density 
of each species.

At the end of the process three matrices were 
obtained: 1) percentage cover; 2) density; and 
3) presence-absence combining species from cover 
and density data. Some species that are difficult to 
identify by photo were grouped in a category or 
taxonomic group using the classification proposed 

Fig 4: Cropped photoquadrats (0.25 m × 0.25 m) examples. Close-ups to show image definition of: 
(a) anemone; (b) ribs on laminated algae; (c) nudibranch; and (d) small benthic fish
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by the Collaborative and Automated Tools for Anal-
ysis of Marine Imagery (CATAMI, Althaus et al., 
2015) to standardise the analysis. As CoralNet pro-
vides machine learning, all photos analysed manu-
ally served to train the robot of the source.

4. Results and discussion
The underwater survey protocol using georefer-
enced photoquadrats to estimate percentage cover 
and density of epibenthic communities was tested, 
with good results obtained under various condi-
tions of visibility, water currents and low water tem-
perature at two zones (northeast and southwest) of 
Nuevo Gulf, Patagonia. Of note is that all bottom 
time was used for displacement and taking photos, 
which allowed the exploration of larger areas; this 
is important when studying habitats with high spa-
tial heterogeneity (Beisiegel et al., 2020). A total of 
20 transects were performed, covering 5800 m of 
rocky reefs during seven diving days. On average, 
transect length was 305.65 m (SD:149 range: 101–
629), which took 25 minutes (SD:11.11, range:11-
47) at a depth range of 2 m -15 m and an average 
speed of 0.77 km/hr with more than 123 photos 
per transect. The extension of the survey could be 
increased using underwater scooters (see Bryant et 
al., 2017). However, this involves a higher cost, 
more logistics and greater difficulty upon water 
entry on shore dives. 

The use of flashes for photoquadrats resulted in 
high-quality images that enabled the detection of 

small species with good definition (Fig 4a, c, d; 
for more examples, see https://coralnet.ucsd.edu/
source/1933/), and assisted in taxonomic identifi-
cation. In some cases, the observation of morpho-
logical features such as ribs on laminated algae was 
useful for genus or family distinction (Fig 4b). Spe-
cies that were difficult to identify by photo (e.g. Por-
ifera and colonial tunicates) were pooled into 
functional groups in accordance with the CATAMI 
classification scheme which has well described and 
updated documentation. As the images are stored 
on the CoralNet server and the annotations are 
searchable, it is possible to review previous annota-
tions. The latter feature also helps to train new users 
with the taxa identification. Photoquadrats (n = 
894) detected 76 taxa in total in the Nuevo Gulf 
region. The northeast region presented a higher 
richness (65 versus 53) and a greater number of spe-
cies per quadrats than the southwest sites (Fig 5). 

Small (<5 cm) cryptic fish species such as Helco-
grammoides cunninghami (Fig 4c) were distinguished 
on images, and density estimations using photo-
quadrats should be compared with visual quadrats 
under the same conditions in order to test if the 
method presented in the present study is adequate 
for cryptic fish estimations. This protocol was 
designed for estimation of cover and abundance of 
benthic sessile or slow moving species. However, 
incorporating visual census for estimation of fish 
abundance and diversity, similar to Reef Life Survey 
(2017), will improve the present study’s data. The 
videos recorded by the Paralenz camera carried by 
divers were unstable and unsuitable for fish counts, 
and were only used for describing the habitat. 

The most common method for fine-scale sam-
pling on rocky bottoms is quadrats along transects 
with a variation in quadrat size (1 m2, 0.25 m2 and 
0.0625 m2). The choice of the sampling unit should 
consider the size of the sampled organism and the 
aggregation among them (Underwood and Chap-
man, 2013). However, in subtidal habitats water vis-
ibility must also be considered when using 
photoquadrats. In most parts of the Atlantic Patago-
nian coasts, visibility ranges from 0.5 m to 10 m 
(with an average of 4 m), and in order to obtain a 
0.50 m × 0.50 m photoquadrat the camera must be 
positioned at least 0.60 m from the bottom. Under 
low visibility this distance results in poor-quality 
photos which are unsuitable for analysis. The pre-
sent study used 0.25 m × 0.25 m quadrats, as the 
resulting photoquadrats were suitable under vari-
ous visibility conditions. Concurrently, a large 
number of small-sized quadrats rather than fewer 
larger-sized quadrats represent the spatial variabil-
ity with better accuracy (Bohnsack, 1979; Andrew 
and Mapstone, 1987; Sayer and Poonian, 2007). 

Fig 5: Boxplot of taxa richness among southwest (n = 424 
photoquadrats) and northeast (n = 470 photoquadrats) region 
of Nuevo Gulf. The * indicates p < 0.001, obtained by 
randomisation test using the R package ‘rich’ (Rossi, 2011) 
with the presence-absence matrix of horizontal and vertical 
surfaces as input
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The use of track roaming transects provided 
numerous benefits, such as: 1) time is not spent 
having to deploy tape measures; 2) each photo-
quadrat is geo-referenced for better accuracy, 
which provides coordinates to return to a specific 
area of interest; 3) the path is not required to be 
straight; 4) parts of the reef that are not suitable for 
sampling can be avoided; and 5) GPS position 
assists in labelling photos by transect, site and loca-
tion. Although portable GPS devices have been 
available since the early 1990s, existing literature 
that used geo-referencing techniques on subtidal 
photoquadrats is scarce. There are some examples 
that used similar techniques for fish census (Lynch 
et al., 2015; Irigoyen et al., 2018) and benthic sur-
veys (Roelfsema and Phinn, 2009; Niedzwiedz and 
Schories, 2011; Sanamyan et al., 2015). However, 
most likely owing to the added complexities on div-
ing logistics, the use of GPS devices on surface 
buoys is not a common practice. Other options 
with the same principle and floating antennas 
include the GPS diving computer (Kuch et al., 
2012) or a GPS inside a housing (Niedzwiedz and 
Schories, 2014). However, the use of cables pre-
sents additional problems (Niedzwiedz and Scho-
ries, 2014) and cables often do not resist the same 
strain as ropes. 

In the present study, the use of a robust floating 
device (rescue can buoy) presented good hydrody-
namics and enabled tensing of the cord to provide 
less difference between the position of the diver 
and the GPS. Recently developed technologies for 
underwater geolocation offer high precision with-
out the use of cables or ropes, giving greater free-
dom to divers (https://uwis.fi/en). However, the 

costs of these technologies are high which limits 
the ubiquity of their use globally.

Species accumulation curves are often used for 
determining the sampling effort (i.e. minimum 
number of photoquadrats) to obtain reliable esti-
mations of richness (Ugland et al., 2003). Species 
accumulation curves performed for southwest and 
northeast sites in the Nuevo Gulf showed that with 
200 photos the horizontal asymptote is nearly 
reached, capturing 87 % and 85 % of the total spe-
cies richness in each gulf area, respectively (Fig 6). 
This shows that the actual number of photoquad-
rats per transect (~124) should be increased in 
order to achieve a better estimation of richness. 
However, increasing this number is challenging 
owing to the time required for analysis. Artificial 
intelligence could help to reduce this processing 
time, enabling a greater number of photos and 
better estimations of richness. CoralNet software 
provides semi- and fully-automated annotations 
after a large set of photos are analysed by experts. 
The Alleviate operational mode (semi-automated) 
decides when to make an automated annotation 
using a classification score. Beijbom et al. (2015) 
showed that 50 % of the annotations performed by 
the robot had no effect on the quality of percent-
age cover of estimates of 20 categories. Using this 
mode for processing photoquadrats can increase 
the total number of photoquadrats analysed.

The non-destructive and relatively low-cost pro-
tocol of our study can adequately assess changes in 
marine habitats as rocky reefs (as was shown in the 
same area of the present paper; see Bravo et al., 
2020) which provide important ecosystem services. 
Essential Ocean Variables (EOVs; Miloslavich et al., 
2018) such as macroalgal cover, benthic inverte-
brate abundance and benthic invertebrate diversity 
can be estimated with this methodology. This is use-
ful for broad scale monitoring programmes such as 
MBON (Duffy et al., 2013). The present method 
relies on high-quality, underwater images taken 
under a standardised method, which reduces the 
variation in photo resolution, angle of view, dis-
tance to the sea floor, and compensation of light 
attenuation, and will assist with the implementa-
tion of artificial intelligence analysis that may be 
affected by these variations. 
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