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a b s t r a c t
Visual standardised methods for census of reef ﬁshes have long been used in ﬁsheries management and biological surveys. However, these tools have inherent sources of bias and the SCUBA divers who perform them are
highly constrained in terms of survey time, maximum depth and frequency of sampling. Alternatives like underwater video are thus being recommended in a wide range of conﬁgurations. Yet, all these techniques are still
limited in ﬁeld of view, particularly when compared to the ability of a SCUBA diver performing censuses. In
this scope, we evaluated the potential of an underwater wide-angle camera (UWC) to survey ﬁsh assemblages
by testing it against instantaneous underwater visual census (UVC). Our results showed minimal yet signiﬁcant
differences between methods, mainly because of the camera's loss of resolution when under extreme visibility
conditions. Both approaches had the same consistency and ability to detect changes in ﬁsh assemblages but, to
estimate total species richness, the UWC needed less ﬁeld effort. Moreover, a SCUBA diver performing census
had an effect on ﬁsh assemblages which introduced differences of greater magnitude than those found between
methods. The removal of the diver effect, the proven ability to detect changes in ﬁsh assemblages and the veriﬁed
gain in ﬁeld effort, pointed the wide-angle camera as a promising tool to perform census of reef ﬁshes.
© 2013 Elsevier B.V. All rights reserved.

1. Introduction
Underwater visual censuses (UVC) of reef ﬁshes are the most accepted and widely used methods for both ecological and ﬁshery-based
ﬁeld surveys. These are suitable tools to detect changes in species abundance, diversity and community structure (e.g., Bortone et al., 2000;
Samoilys and Carlos, 2000), and have long been suggested to evaluate
the effectiveness of ﬁsheries management like Marine Protected
Areas (MPAs; Lipej et al., 2003). Such a broad use is mainly due to the
inadequacy of some traditional approaches and to the increasing need
for reliable, nondestructive sampling techniques (Bortone et al.,
1986). Yet, numerous studies question the validity of such surveys
(e.g. Kulbicki, 1998; Sale and Sharp, 1983; Thresher and Gunn, 1986),
stressing several sources of bias and inaccuracy. These include imprecise counts of abundant species (De Girolamo and Mazzoldi, 2001;
Richards and Schnute, 1986), different counts between-divers
(Watson and Quinn, 1997), the inﬂuence of divers on ﬁsh behaviour
(Cole, 1994), the diver's experience and training level (Mapstone and
Ayling, 1998; Williams et al., 2006), the low precision of estimates
due to physiological effects related to SCUBA diving (Baddeley, 1971),
the effect of ocean waves and currents (Harmelin-Vivien et al., 1985;
Lincoln-Smith, 1989) and whether censuses are conducted instantaneously or not (see Ward-Paige et al., 2010). Moreover, while
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performing the surveys, SCUBA divers are highly constrained by limited
bottom time, maximum depth, frequency of sampling and exposure to
cold water (Hiscock, 1987; Langlois et al., 2010).
Given these limitations, researchers have compared the ability of
different remote sampling methods in order to enhance the accuracy,
precision and repeatability of ﬁeld surveys (e.g. Cappo et al., 2004;
Harvey et al., 2004; Tessier et al., 2005; Willis and Babcock, 2000).
On speciﬁc contexts, underwater video may be a valid alternative to
improve ﬁsh surveys. Speciﬁcally, when dealing with demersal ﬁsh
communities, such approach may decrease the sources of inaccuracy
(e.g., Harvey et al., 2004; Watson et al., 2005; Willis et al., 2000) and
increase the efﬁciency of ﬁeld effort (Watson and Harvey, 2007). This
technique is being proposed in a wide range of conﬁgurations such as
single video (e.g. Cappo et al., 2003), stereo-video (e.g. Lines et al.,
2001), baited video (e.g. Collins et al., 2002; Westera et al., 2003),
swimmable video (Bortone et al., 1991), remote operated vehicles
(e.g. Trenkel et al., 2004) and ocean observatories (e.g. Aguzzi et al.,
2011). However, all of these rely on video cameras with limited ﬁeld
of view, which may preclude species identiﬁcation and limit the estimation of abundance (Tessier et al., 2005). The present study is the ﬁrst
attempt to evaluate the ability of an underwater wide-angle camera
(UWC) to survey ﬁsh assemblages, by simulating the ﬁeld of view of a
SCUBA diver while performing counts. Furthermore, since divers may
inﬂuence ﬁsh behaviour, we hypothesise that a stand-alone camera
can overcome such a source of inaccuracy. In this scope, data driven
from UWC and UVC was tested under the following null hypotheses:
(1) There is no difference in demersal ﬁsh abundance, community
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structure and species richness between methods. (2) The presence of a
diver doesn't have an effect on demersal ﬁsh abundance and community structure.
2. Methods
2.1. Study site and data collection
Underwater surveys were performed from November 2011 to
February 2012 in Praia da Luz, Lagos, Portugal (coordinates WGS 84:
37.07743° − 8.74316°) at 4 separate sites, 100 m apart. These surveys
were conducted over the same habitat type (rocky reef) and depth
range (from 5 to 7 m) because ﬁsh assemblages generally have strong
relationships with landscape heterogeneity and depth (Anderson and
Millar, 2004; Hyndes et al., 1999). Fish counts were made by a single
trained diver that performed 40 surveys of instantaneous underwater
visual census (UVC) at each site (160 surveys; 12 surveys per dive).
Instantaneous counts were chosen to reduce at most the bias introduced by the movement of ﬁsh per se, which may be attracted to or
avoid the stationary diver (Ward-Paige et al., 2010; Watson and
Quinn, 1997). The surveys were accomplished by swimming into
one of the 4 sites and rapidly scan an area of 180° with a radius of
3 to 5 m, depending on the visibility (adapted from Bennett et al.,
2009). All demersal ﬁsh observed were recorded in as short a time
as possible (Barrett and Buxton, 2002). Fish that entered the survey
area after the census started were not counted (e.g. Ward-Paige
et al., 2010). Using the visibility records of each survey, counts were
transformed to ﬁsh density.
Video records were conducted with a 180° angle video system
consisting of two GoPro High Deﬁnition cameras mounted side by
side over a tripod. The system was deployed before the surveys, in the
exact same sites where the visual censuses took place. In the laboratory,
the digital ﬁles from the two cameras were synchronised and merged
into single wide-angled video records (proportion of 32:9 with
3840 × 1080 pixels). Counts were performed by recording all demersal
ﬁsh observed in video fractions of less than 10 s. This allowed comparisons with the UVC and enhanced species identiﬁcation, while avoiding
for the entrance of new ﬁsh into the survey area. For surveys considering the absence of a diver (see below), records were made at least
2.5 min after the diver leave the survey area. Video records were
transformed into ﬁsh density, using the visibility records of the UVC
surveys.
2.2. Data analysis
2.2.1. Testing the ability of the underwater wide-angle camera
The ability of the UWC was tested by a permutation multivariate
ANOVA (PERMANOVA; Anderson, 2001) with 2 factors (“survey
method” with 2 levels nested on “site” with 4 levels). This analysis
was performed on a Bray–Curtis similarity matrix, computed with
square-root transformed data (e.g. Lowry et al., 2012) of ﬁsh density
from UWC and UVC, obtained at the same precise sites and instants
(2 × 160 surveys). The factor “site” was introduced to isolate the
analysis from possible sources of variance originated by differences in
reef topography among sites. Differences caused by this factor were
not subject to further analysis or discussion. Since PERMANOVA uses
similarity measures, the rejection of the null hypothesis suggests that
groups may differ due to their location (in the multivariate space),
their relative dispersion, or both (Anderson, 2004). To unravel the
reason for rejecting the null hypothesis, a permutation analysis of
multivariate dispersion (PERMDISP; Anderson, 2004) was performed
on the same Bray–Curtis matrix (e.g. Bunn et al., 2010; Pease et al.,
2011).
If the PERMANOVA revealed differences for the factor “survey
method”, a SIMPER analysis (Clarke, 1993; Clarke and Gorley, 2006)
was conducted to ascertain the species that most contributed to the

dissimilarities found and to weight differences in terms of average
abundance. Furthermore, a two-way Analysis of Similarity (ANOSIM;
Clarke, 1993) was performed with the same model (“survey method”
with 2 levels nested on “site” with 4 levels) and Bray–Curtis matrix
(UVC versus UWC) to measure dissimilarities between methods (e.g.
Smale et al., 2010; Tuya et al., 2005). A non-metric multidimensional
scaling ordination (nMDS; Clarke, 1993) was plotted to illustrate such
differences. PERMANOVA, PERMDISP, ANOSIM, SIMPER and nMDS
were computed on R version 2.15.0 (R Foundation for Statistical
Computing) using the Vegan and ecodist packages.
The potential of UWC to estimate species richness was evaluated
by plotting rarefaction curves (randomised richness plot against the
number of surveys). These were computed with Rich (Rossi, 2011)
on R software, using data from 160 surveys of the UWC and UVC,
obtained at the same precise sites and instants. The total species richness, the average species richness per survey and the number of surveys
needed to estimate 95% of total richness (i.e. ﬁeld effort) were determined for the UWC and UVC by means of bootstrapping with Rich. Comparisons between the rarefaction curves and the average richness per
survey were also tested with Rich package.
2.2.2. The effect of a diver on ﬁsh assemblages
The effect of a diver on ﬁsh assemblages was tested by PERMANOVA
with 2 factors (“diver's presence” with 2 levels nested on “site” with 4
levels). This was performed on a Bray–Curtis similarity matrix computed with square-root transformed data of UWC density records, obtained
at the same precise sites, in the presence and complete absence of a
diver (2 × 160 surveys). PERMDISP was then performed on the same
Bray–Curtis matrix to test for differences in the multivariate dispersion.
If the PERMANOVA revealed differences for the factor “diver's
presence”, a SIMPER was conducted to ascertain the species that
most contributed to dissimilarities. To measure these differences, an
ANOSIM was performed with the same model and Bray–Curtis matrix
(presence versus absence of a diver). Moreover, nMDS of this matrix
was plotted to illustrate the potential differences.
To better understand the diver's effect on ﬁsh, a simulation of
instantaneous UVC was conducted with a diver taking exactly 1 min
to census an area of 180° × 5 m. A pairwise PERMANOVA with the 2
factors (“diver's presence” with 3 levels nested on “site” with 4 levels)
was performed on a Bray–Curtis similarity matrix computed with
square-root transformed data driven from 160 replicates of UWC. Variance components were extracted for records taken 1 min before the
diver got into the survey site, on the exact moment the diver entered
the site and 1 min after his entrance (3 × 160 surveys). PERMDISP
was performed on the same Bray–Curtis matrix to test for differences
in the multivariate dispersion.
3. Results
The surveys conducted at the 4 sites of Praia da Luz retrieved 580
records of UVC (2711 individuals counted; approximately 12 h of
underwater counts; 15 taxa) and 1140 records of UWC (3859 individuals counted; approximately 36 h of continuous digital video; 15
taxa). Due to the impossibility to visually identify individuals of
Mugilidae at the species level, records were made at the family level.
In the UWC records, 2.84% of the individuals could not be identiﬁed
and thus were not included in the analysis. This was not an issue for
UVC, where all individuals were assigned to the species/family level.
3.1. Testing the ability of the underwater wide-angle camera
Fish assemblages differed signiﬁcantly between the UWC and UVC
(PERMANOVA p-values b 0.05; Table 1). The analysis of dispersion suggested that this difference was caused by a shift in the assemblage structure (i.e. a location effect), and not by variation around the mean
composition within groups (Anderson, 2004; PERMDISP between
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Table 1
PERMANOVA and PERMDISP based on a Bray–Curtis similarity matrix of square-root transformed ﬁsh density (factors ST for “site” and SM for “survey method”).
PERMANOVA

PERMDISP

Source

df

SS

MS

Pseudo-F

p-Value

Unique perms

F

p-Value

ST
SM (ST)
Residuals
Total

3
4
206
217

41,643
35,902
1.64E + 05
2.41E + 05

8328.6
5983.6
794.43

10.484
7.532

0.001
0.001

998
997

5.6243
0.51953

0.001
0.516

sites: F 5.6243, p-value 0.001; PERMDISP between methods: F 0.51953,
p-value 0.516; Table 1).
ANOSIM found dissimilarities between the UWC and UVC, yet these
were barely separable (Global R: 0.112; Signiﬁcance level: 0.01; Clarke
and Gorley, 2006). The nMDS illustrated no clear differentiation
between methods (Fig. 1). Yet, the stress measure indicated a poor to
nearly random ordering of the nMDS points (Stress: 0.223; R2: 0.842;
Clapham, 2011). The average similarity among surveys (SIMPER analysis) was 58.50% and 57.11% for the UWC and UVC, respectively. The
average dissimilarity between methods was 41.23%. SIMPER analysis
also showed that 7 species contributed to more than 90% of the dissimilarity found between methods and that all these species were more
abundant on UVC (Appendix A).
Both rarefaction curves and bootstrapping showed that the UWC
and UVC had the same ability to estimate total species richness
(Fig. 2; p-value: 0.263). Yet, the average richness per survey was different, with 2.82 and 3.22 species per survey for the UWC and UVC, respectively (p-value b 0.05). To estimate 95% of the total species richness, the
UVC required 88 ± 3 ﬁeld surveys while the UWC required 72 ± 4
surveys (a gain of 9 to 23 surveys, which is equivalent to 1 or 2 UVC
dives with 12 surveys).
3.2. The effect of a diver on ﬁsh assemblages
The presence of a SCUBA diver changed the composition of
ﬁsh assemblages (PERMANOVA p-values b 0.05; Table 2). This effect
occurred on both assemblage structure and variation around the
mean composition within groups (i.e. a location and dispersion effect;
PERMDISP: F 57.89, p-value 0.001).
ANOSIM also found dissimilarities in ﬁsh assemblages due to the
diver's presence. These differences were barely separable (Global R:
0.175; Signiﬁcance level: 0.01) but of greater magnitude than those

1.0

found between methods (0.175 > 0.112). The nMDS illustrated this
differentiation, yet, with a poor ordering of points (Stress: 0.207;
R 2: 0.862; Fig. 3).
The similarity of surveys was 62.63% when the diver was present
and 42.06% when he was absent (SIMPER analysis; Appendix B). The
dissimilarity between these two groups of data was 61.66%, a higher
value than that found between methods (61.66 > 41.23). Eight species
contributed to more than 90% of the dissimilarities found. The species
Coris julis and Sarpa salpa were more abundant (on average) when the
diver was present, while all the other species were less abundant.
In the UVC simulation, ﬁsh assemblages changed when the diver
got into the survey area, yet during his permanence on site, no further
effect was detected (Pairwise PERMANOVA tests; Table 3). In terms of
dispersion, his entrance resulted in differences in assemblage structure
and variation around the mean composition (Table 3).
4. Discussion
This paper shows that an underwater wide-angle camera can be a
suitable tool to assess ﬁsh assemblages, with increased efﬁciency of
ﬁeld effort while reducing the negative effect of divers. Yet, it is widely
recognised that there is no single technique to census ﬁsh assemblages
without its own sources of biases (Kingsford and Battershill, 1998;
Lincoln-Smith, 1989). The results from our study showed that the
UWC had lower resolution than the traditional visual census, counting
fewer individuals and retrieving lower species richness per survey. It
is well documented that, compared to the human eye, underwater
video has a lower ability to record ﬁsh in their natural environment
(e.g. Bailey and Priede, 2002; Pelletier et al., 2011; Sainte-Marie and
Hargrave, 1987; Tessier et al., 2005). This was particularly evident in
records made under extreme visibility conditions. On surveys with
low visibility, mimetised ﬁsh were impossible to distinguish from the
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Fig. 1. nMDS of the Bray–Curtis square-root transformed data matrix of ﬁsh density
from UVC (triangles) and UWC (circles).
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Fig. 2. Randomised species richness per survey intensity (999 randomisations) for UVC
(circles) and UWC (triangles).
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Table 2
PERMANOVA and PERMDISP based on a Bray–Curtis similarity matrix of square-root transformed ﬁsh density (factors ST for “site” and PD for “presence of diver”).
PERMANOVA

PERMDISP

Source

df

SS

MS

Pseudo-F

p-Value

Unique perms

F

p-Value

ST
PD (ST)
Residuals
Total

3
4
188
197

37,245
33,086
2.30E + 05
3.01E + 05

9311.3
6617.1
1221.9

7.6205
5.4155

0.001
0.001

999
998

11,536
57.89

0.001
0.001

shaded background, while when the visibility was high the camera's
video sensors smeared the edges of details (also reported by Shortis
et al., 1993), producing low contrasted imagery, and thereby making
the detection of ﬁsh silhouettes less precise. This source of inconsistency not only was responsible for fewer counts, but also made it impossible to identify specimens in about 3% of the occurrences (similar value
to Pelletier et al., 2011).
Another factor that may have contributed to fewer counts with
the UWC was the duration of surveys. Even under an instantaneous
approach, the UVC surveys took more time than the UWC records
(which were exactly 10 s) because the diver needed to identify, count
and record ﬁsh, making him spend time looking at the slate instead of
the aggregations (also noted by Pelletier et al., 2011). This might have
allowed ﬁsh to enter or leave the survey area without being detected
by the diver (Bortone et al., 1991). This distraction may have increased
the probability of counting the same ﬁsh twice or recording more
species per survey. Considering this, the accurate measurement of the
camera's true loss of resolution becomes a puzzling exercise. Nevertheless, even with the implicit loss of resolution, the differences found
between methods were barely separable and the survey's variability
differed in less than 1%, suggesting that these methods have the same
power and consistency in data records (Watson et al., 2005).
The differences found between methods were less important than
those introduced by the presence of a SCUBA diver. In our simulations,
the effect of the diver resulted in changes in ﬁsh assemblages, from
the moment he entered the survey area until the end of the counts. In
addition, the assemblages were more similar between surveys when
the diver was present then on his absence. This consistency in data
can be explained by a systematic responsive behaviour from species
towards the diver. Our results showed that species that form large
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Fig. 3. nMDS of the Bray–Curtis square-root transformed data matrix of UWC density
records in the presence (circles) and absence (triangles) of a diver.

schools with no commercial value (C. julis and S. salpa) were attracted
to the diver and produced higher abundances. All the other species,
which are known to be targeted by spearﬁshers in this region (with
exception for Centrolabrus exoletus; see Veiga et al., 2010), and consequently deterred by the human presence (Bozec et al., 2011), avoided
the diver, yielding lower abundances. Other studies demonstrated the
same systematic behaviour of targeted and non-targeted ﬁsh towards
divers (e.g. Edgar et al., 2004; Watson et al., 2005; Willis et al., 2000).
With the stand-alone camera we found higher variability in data
between surveys, i.e., without such responsive behaviour, it was more
likely to record different patterns of ﬁsh assemblages. Conditioned
behaviour can occur with various species, for instance, when outside
an MPA ﬁsh avoid divers as a learned response to the presence of
spearﬁshers (Jouvenel and Pollard, 2001), or within an MPA when
they are attracted to divers, due to curiosity or in response to handfeeding (Cole, 1994; Willis et al., 2000). In either situation, alternatives
to visual census like the UWC should be considered in order to reduce
bias when evaluating the effectiveness of ﬁsheries management.
The higher variability found in data when the diver was absent
from surveys may also explain the differences between methods in
terms of ﬁeld effort. The UWC gathered less species per survey, yet
it achieved total species richness with less ﬁeld effort than UVC.
Since ﬁsh were expected to have no responsive behaviour towards
the UWC alone, there was an increased probability of sighting more
different species, even with lower richness per survey. It has been
postulated that for most aims methods that produce the greatest
amount of information in the least amount of time are the most effective (Bortone and Mille, 1999) and thus should be used for ﬁeld surveys.
Techniques like the UWC have even further inherent advantages.
There is no variability between observers recording the data, which
has been demonstrated by several authors (most notably Thompson
and Mapstone, 1997) to systematically bias the UVC-based data driven
from different divers. There is also a lower risk of counting the same ﬁsh
more than once. Furthermore, the reduction in ﬁeld effort can be largely
improved if one considers the deployment of multiple UWC systems at
different depths and habitats (e.g. Watson et al., 2005). Also, divers'
experience, census time, maximum depth and exposure restrictions
are not concerns with the underwater video. Records can be made
from far greater depths and over longer periods of time. Such reduced
ﬁeld effort also implies lower ﬁeld costs, which generally are higher
than the laboratory costs (Francour et al., 1999; Pelletier et al., 2011).
Furthermore, divers that perform UVC need to be trained to identify
and count ﬁsh species underwater, which carries even more substantial
cost. This can be either in terms of additional ﬁeld expenses and salaries,
or, more usually, by reducing replication during data gathering, which
reduces the power of statistical tests (Edgar et al., 2004). With minimal
training, technicians and volunteers can assist with the analysis of
imagery.
Underwater video can also be used with different objectives than
initially considered (e.g. ﬁsh behaviour, benthic invertebrate surveys,
and groundtruthing for other remote sensing techniques) reducing
the need for conducting additional expensive ﬁeld surveys. Unlike a
diver who has to make immediate decisions and records underwater,
in the laboratory, video observers can review the images later and
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Table 3
Pairwise PERMANOVA and PERMDISP analysis based on a Bray–Curtis similarity matrix of square-root transformed ﬁsh density (D.E. − 1 = 1 min before the diver got into the
survey site; D.E.0 = on the exact moment the diver entered the site; D.E. + 1 = 1 min after his entrance).
PERMANOVA

PERMDISP

Site 1

Site 2

Site 3

Site 4

Source

t

p-Value

t

p-Value

t

p-Value

t

p-Value

F

p-Value

D.E. − 1. D.E.0
D.E. − 1. D.E. + 1
D.E.0. D.E. + 1

2.088
1.7062
1.032

0.006
0.019
0.369

1.7287
1.5275
0.29236

0.029
0.047
0.913

1.988
1.8062
0.66425

0.016
0.021
0.729

1.7159
2.012
0.71677

0.036
0.008
0.694

4.6984
2.7634
1.5621

0.001
0.02
0.187

repeatedly for more than one objective (Harvey et al., 2001). This
can also be of use to update species identiﬁcation after taxonomical
revisions, which result in nomenclatural changes. These advantages,
coupled with future advances in video sensors, will surely improve
the statistical power of ﬁsheries management and biological surveys.
Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.jembe.2013.04.007.
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