@° PLOS | ONE

Check for
updates

G OPEN ACCESS

Citation: Prato G, Thiriet P, Di Franco A, Francour P
(2017) Enhancing fish Underwater Visual Census
to move forward assessment of fish assemblages:
An application in three Mediterranean Marine
Protected Areas. PLoS ONE 12(6): e0178511.
https://doi.org/10.1371/journal.pone.0178511

Editor: Myron Peck, University of Hamburg,
GERMANY

Received: May 16, 2016
Accepted: May 15, 2017
Published: June 8, 2017

Copyright: © 2017 Prato et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Data Availability Statement: All relevant data are
within the paper and its supporting information
files.

Funding: GP was funded by MMMPA - Training
Network for Monitoring Mediterranean Marine
Protected Areas, which received funding from the
European Community’s Seventh Framework
Programme (FP7/2007-2013) under Grant
Agreement no. 290056. The funders had no role in
study design, data collection and analysis, decision
to publish, or preparation of the manuscript.

RESEARCH ARTICLE

Enhancing fish Underwater Visual Census to
move forward assessment of fish
assemblages: An application in three
Mediterranean Marine Protected Areas

Giulia Prato™*, Pierre Thiriet>3, Antonio Di Franco"*®, Patrice Francour'

1 Université Cote d’Azur, CNRS, FRE 3729 ECOMERS, Parc Valrose, Avenue Valrose, Nice, France,

2 UMR 7208 BOREA—MNHN, CNRS, UPMC, IRD 207, UCN, UA—Muséum National d’Histoire Naturelle,
DMPA, UMR BOREA, Paris, France, 3 Muséum National d’Histoire Naturelle, Station Marine de Dinard—
CRESCO, Dinard, France, 4 CRIOBE, USR 3278 CNRS-EPHE, University of Perpignan, CNRS, Perpignan,
France, 5 Consorzio Interuniversitario per le Scienze del Mare, CoNISMa, Piazzale Flaminio 9, Rome, Italy

o Current address: World Wide Fund for Nature (WWF) Italia, Rome, Italy
* giuliaprato.mi@gmail.com

Abstract

Monitoring fish assemblages is needed to assess whether Marine Protected Areas (MPAs) are
meeting their conservation and fisheries management goals, as it allows one to track the prog-
ress of recovery of exploited species and associated communities. Underwater Visual Census
techniques (UVC) are used to monitor fish assemblages in MPAs. UVCs should be adapted to
fish abundance, body-size and behaviour, which can strongly affect fish detectability. In Medi-
terranean subtidal habitats, however, UVC strip transects of one surface area (25x5 m?) are
commonly used to survey the whole fish assemblage, from large shy fish to small crypto-ben-
thic fish. Most high trophic level predators (HTLPs) are large shy fish which rarely swim close to
divers and, consequently, their abundance may be under-estimated with commonly used tran-
sects. Here, we propose an improvement to traditional transect surveys to better account for
differences in behaviour among and within species. First, we compared the effectiveness of
combining two transect surface areas (large: 35x20 m?; medium: 25x5 m?) in quantifying large,
shy fish within and outside Mediterranean MPAs. We identified species-specific body-size
thresholds defining a smaller and a larger size class better sampled by medium and large tran-
sects respectively. Combining large and medium transects provided more accurate biomass
and species richness estimates for large, shy species than using medium transects alone. We
thus combined the new approach with two other transect surface areas commonly used to sur-
vey crypto-benthic (10x1 m?) and necto-benthic (25x5 m?) species in order to assess how
effectively MPAs protection the whole fish assemblage. We verified that MPAs offer significant
protection for HTLPs, their response in terms of biomass and density increase in MPAs was
always higher in magnitude than other functional groups. Inside MPAs, the contribution of
HTLP reached >25% of total fish biomass, against < 2% outside MPAs. Surveys with multiple
transect surface areas allow for a more realistic assessment of the structure of the whole fish
assemblage and better assessment of potential recovery of HTLPs within reserves of HTLP.
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Introduction

The use of marine protected areas (MPAs) as a tool for fish conservation and fisheries manage-
ment throughout the world’s oceans has encouraged the development of non-destructive
methods to monitor biodiversity and assess the performance of MPAs [1-3]. One of the most
extensively documented effects of protection within MPAs is the recovery (in terms of in-
creased density, biomass and body-sizes) of populations usually targeted by fishing. Monitor-
ing programs to assess this recovery, based on underwater visual census (UVC) surveys, have
become widespread [2,4-7]. Several UVC techniques have been developed, ranging from tran-
sects or fixed points [1,8-10] to obtaining video from SCUBA divers, remotely operated vehi-
cles (ROV) or rotating remote systems [2,3,11]. For shallow areas, UVC with transects and
fixed points are often more convenient than video methods. Despite their known biases (i.e.
observer effects, errors in fish body-size and sampling surface-area estimations) [12-14] and
constraints (depth and time dive-limits), SCUBA observations are usually cost-effective. More-
over, they enable the detection and identification of a high number of species, as well as quan-
titative descriptions of the fish assemblage such as density and biomass which are difficult if
not impossible to obtain using video methods [3,15,16]. Nonetheless, it is often agreed that
UVC methods aiming at quantifying fish abundance through observation within a fixed sur-
face area (i.e. up to a fixed distance from the observer, such as strip transects or fixed points)
under-estimate fish density, due to problems in detecting subjects within the sample surface
area [17]. Sampling surface areas should be adapted to different fish characteristics: fish density
(the sampling surface area must ensure a reasonable probability of encounter: usually, the less
abundant is a species, the larger the sampling surface area required), minimum distance of fish
approach (behavioural response to diver), species detectability based on size; micro-habitat
use, body shape (e.g. flat fish) and color (e.g. sandy gobids) [5,18-20]. According to fish size
and behaviour for instance, most fish can be broadly grouped into three categories, and the
surface area of a visual census sampling unit should be adapted differently to each [4,19,21].
Moreover, different life stages of the same species might fall into different categories depend-
ing on their size (proxy of age and experience, hence determining behavioural response to
observer, as well life-stage-specific micro-habitat use). The three main categories are (1)
crypto-benthic fish and juveniles of necto-benthic fish spending most of their time hidden
within macrophyte stands, holes and crevasses, or resting motionless but camouflaged upon or
in the substrate, because of their coloration and/or suitable body-shape (e.g. flat fish). The
detectability of these species is low and declines sharply as a function of distance from the
observer. They should thus be generally surveyed within small surface areas (0.5-1 meter from
the observer) [22,23,24]. (2) Small-medium necto-benthic fish that are generally easy to detect
and not strongly affected by diver presence [19] are usually surveyed at a medium distance
from the observer (2.5 m from the observer). (3) large fish tend to be shy and to show avoid-
ance behaviour toward the observer [25]. These fish usually occur at lower densities compared
to other fish categories, due to (1) the natural lower densities of larger species [26] and (2) they
are generally the main fishing targets. Hence, in order to account for the lower detectability of
large shy fish at short distances due to shyness, as well as in small sampling surface areas due to
lower density, large shy fish need to be surveyed at a greater distance from the observer and
within a larger surface area than small-medium necto-benthic fish [19,21]. Distances from the
observer adopted in the literature for these fish range from 5 to 15 meters [1,6,17,19].

Although adopting different transect surface areas to survey fish of different size and behav-
iour is a common practice in monitoring programs carried out in coral reefs [27-29], this is
not the case in Mediterranean monitoring programs, even if UVC by strip transects is the
most widely used method (Prato et al. in prep and references therein). Variable transect
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surface areas were used in studies specifically targeting both crypto-benthic (1-2 meters
width) and necto-benthic fish (4-5 meters width) [30,31], but a single transect surface area
was always used to target both small-medium necto-benthic fish (< 50 cm total length) and
larger and shy fish. The most common transect widths adopted in the Mediterranean, more-
over, do not exceed 5 meters, meaning a distance of 2.5 meters from the observer [7] (Prato

et al in prep. and reference therein), thus possibly inducing underestimation of the abundance
of large shy fish that often flee when the observer is approaching.

On the basis of the above-mentioned premises on fish detectability, we hypothesize that
standard transects adopted in the Mediterranean (25 x 5 m®) are appropriate for adults of
small-medium necto-bentic fish and also for the sub-adult stages of “large species”, i.e. species
reaching large body lengths at adult age (> 50 cm total length, hereafter referred to as “large
shy fish”). Sub-adult stages of these large shy species share comparable total body length and
similar behaviour to other small-medium necto-benthic species. However, adult stages of these
large shy species are likely to be better sampled in transects of larger surface area. A transect
width of 20 meters (i.e. 10 meters on each side of the diver) could encompass a large enough
sample area for these species. Similar distances were selected in UVC studies including large
shy fish, although in some of those cases fixed points were used [5,17]. In order to obtain den-
sity and biomass estimates for these large shy species, transects of different surface areas should
be used for different size classes within each species.

Monitoring programs combining different transect surface areas to survey adults of large
shy fish, sub-adults of large shy fish and small-medium necto-benthic fish, crypto-benthic fish
and juveniles, are therefore urgently needed to be able to more realistically assess the fish
assemblage structure and the response to protection of different functional groups. This study
has thus two main objectives, schematized in Table 1. Our first objective was to compare the
effectiveness of combining two transects surface areas (35 x 20 m® and 25 x 5 m”) against only
one transect surface area (25 x 5 m?) in quantifying the density and biomass of large shy fish
inside and outside Mediterranean MPAs. To pursue this objective, we first identified the spe-
cies-specific fish size threshold discriminating a larger size class of fish that are more accurately
sampled with large transects and a smaller size class of fish more accurately sampled with
medium transects. Our second objective was to combine the new approach for large shy spe-
cies with two widely used transect surface areas to survey crypto-benthic fish and juveniles
(small transects 10 x 1 m?) and necto-benthic fish species (medium transects 25 x 5 m?), in
order to quantify the effect of protection on the whole fish assemblage and on each functional
group, and to quantify the relative contribution of each functional group to total fish biomass.

Methods

The study did not involve any experiment or collection of animals. Permission for field surveys
was granted by Université Nice Sophia Antipolis.

Study area

This study was performed at three MPAs in the Western Mediterranean (Fig 1). The Tavolara-
Punta Coda Cavallo MPA (hereafter Tavolara MPA) is located in north-east Sardinia (Italy,
40° 35’ N, 09° 49’ E) and was established in 1997, but enforcement became effective around
2003-04. It includes 76 km of coastline, covers 15,357 ha, and is separated into three subareas
characterised by different levels of protection. In the integral reserve zone (no-take zone, 529
ha), only research activities are allowed, while in the two partial protection zones, different
activities are allowed subject to regulations. Spearfishing is not allowed inside the MPA.
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Table 1. Transect length and width used to survey fish groups.

Functional groups

Transect size (width x length in meters) used to survey fish groups

**Biomass, density
and effect size

1x10 5x25 20 x 35
Crypto-benthic fish Small-Medium necto-benthic | Large shy necto-benthic
fish (max TL <50 cm) fish (max TL > 50 cm)
Crypto-benthic Juveniles and (sub-)adults **
carnivores
Juveniles of necto- All but planktonivores (TL< 5 cm), *%
benthic fish Planktonivores (TL < 4 cm)
Shoaling (Sub-)Adults (TL > 4 cm) **
planktonivores
Herbivores (Sub-)Adults (TL > 5 cm) **
Necto-benthic *(Sub-)Adults (5cm < TL <?) & | *(Sub-)Adults (5cm < TL **
carnivores (?<TL<maxTL) <?) & (?<TL<maxTL)
High trophic level *(Sub-)Adults (5ecm <TL<?)& | *(Sub-)Adults (5cm < TL *%
predators (?<TL<maxTL) <?) & (? <TL<maxTL)

Fish groups in columns are based on micro-habitat use, behavior toward the diver and life stage. TL = total length.
* Cells with one asterisk (*) indicate the first objective of the study: identification of the TL value(“?”) discriminating larger fish better sampled by large
transects and smaller fish better sampled by medium transects and assessment of the best combination of transect sizes to survey Large shy necto-benthic

fish

** Cells with two asterisks (**) indicate the second objective of the study: assessment of the density and biomass of each functional group (rows) and the

evaluation of reserve effect.

https://doi.org/10.1371/journal.pone.0178511.t001

Scandola

Tavolara

Fig 1. Location of the sampling sites. Sites inside the no-take zones are indicated by filled arrows, sites
outside each MPA are indicated by empty arrows. Black filled areas delimit the no-take zones, while dashed
borders delimit buffer zones.

https://doi.org/10.1371/journal.pone.0178511.9001
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The Cabo de Palos-Islas Hormigas MPA (hereafter Cabo de Palos MPA) is located in south-
eastern Spain, and was established in 1995. Enforcement has been high in the MPA since its estab-
lishment [32]. The MPA extends from the coast to the Islas Hormigas archipelago (37° 38’N, 0°
42 W), with a total surface area of 1,898 ha divided into two zones: a no-take zone of 270 ha, sur-
rounding the Hormigas islands archipelago, where only scientific research activities are allowed,
and a partial reserve zone where small scale fishing, recreational diving and boating are allowed
with some limitations. Recreational fishing, including spearfishing, is not allowed inside the MPA.

The Scandola MPA is located in north-west Corsica (France) and was established in 1975,
with regular enforcement [33]. It extends over 25 km of coastline, with a total area of 1,000 ha.
It is divided into a no-take zone of 122 ha and a buffer zone where professional fishing is
allowed subject to authorization. In the no-take zone, only scientific research activities and
boating respecting speed limits are allowed (anchoring is forbidden). Recreational fishing,
including spearfishing, is not allowed inside the entire MPA. In the zones outside the three
MPAs activities are allowed subject to national laws.

Sampling design and data collection

Fish assemblage surveys were conducted at each MPA during 3-4 consecutive days in the warm
season under optimal visibility conditions, respectively in summer 2013 for the Tavolara and
Cabo de Palos MPAs, and in summer 2014 for the Scandola MPA. At each MPA, on rocky habi-
tats between 5 and 15 meters depth, four sites inside the no-take zone and four sites outside the
MPA were randomly selected > 500 m apart from each other. Visual census transects of three dif-
ferent surface areas were used in order to account for different fish groups (Table 1, S1 Table) and
to allow assessments on the whole fish community, as required by our second objective. The rope
used for UVC surveys had 5-m sections coloured alternatively in red and white. This allowed the
observer to calibrate their estimate of 10- and 2.5-m widths prior to the start of the survey.

Large transects (35 x 20 m?) were used to record only large shy fish (e.g. Sciaena umbra, Epi-
nephelus marginatus) at an average speed of 700m* / 5min.

Medium transects (25 x 5 m?) were used to record all necto-benthic fish (>5 cm total
length), i.e. both small-medium necto benthic fish and large shy fish, at an average speed of
125m* / 8 min. Large, shy fish recorded in large transects were also counted in medium tran-
sects to allow us to compare the performance of the two transect surface areas and potentially
identify a body size threshold at which medium transects were still appropriate, as required to
fulfil our first objective (Tab.1). Finally, small transects (10 x1 m?) were adopted to survey
crypto-benthic fish (e.g. Blenniidae, Gobiidae, Scorpaenidae) and juveniles of necto-benthic
fish taxa (<5 cm total length). Chromis chromis, Boops boops and Spicara spp. Juveniles < 4 cm
in total length were counted in small transects since smaller individuals are more commonly
seen near refuges [34] as opposed to individuals >4 cm in total length more commonly seen in
the water column, and thus better surveyed with the 25 x 5 m transects (Table 1 and S1 Table).

The number of fish encountered was recorded up to 10 individuals, whereas larger groups
were recorded using categories of abundance (i.e. 11-30, 31-50, 51-200, 201-500,500-1000
ind.; see [1]). Fish size (total length, TL) was recorded within 5 cm size classes for large sized
fish (species maximum size > 50 cm), 2 cm size classes for other necto-benthic fish species and
1 cm for small crypto-benthic fish. Observers were trained with fish silhouettes of known total
length before starting the surveys. Fish wet weight was estimated from size data by means of
length-weight relationships from the available literature, selecting coefficients referring to
Mediterranean samples whenever possible (www.fishbase.org).

At each site, four replicates of each transect size were randomly located within homogenous
rocky habitat: first the large transect was surveyed, followed by the medium transect at approx.
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25 m distance. The small transect was surveyed on the way back from the medium transect,
while rewinding the transect rope. A new set of transects was then started following the same
order at approx. 50 m distance.

Data analysis

Objective 1: Combining large and medium transects for estimating population struc-
ture of the 8 large shy species. Development. In order to identify a putative body-size
threshold that distinguishes, for each species, a smaller size class better sampled by medium
transects and a body-size starting from which larger transects provide better estimates than
medium transects, we compared for each species and for each 5 cm size-class the density esti-
mated by large and medium transects. For this purpose, all densities were converted to (deci-
mal) number of fish individuals per square meter. Our statistical unit was the mean density for
each transect surface at each sampling site (density was averaged over replicates of one transect
surface at one site). Not all 24 sampling sites were used. Instead, we used only the sites where
at least one fish individual (for that species and size class) was observed using at least one of
the 2 transect surfaces. This allowed exclusion of the non-informative double 0 from the den-
sity-estimate comparisons. We then computed the variable “large-medium”, as the difference
between large and medium density estimates at each site, and we tested whether the median of
the variable “large-medium” was significantly different from 0, using Wilcoxon signed-rank
test (the comparison of the mean variable using paired t-test was not applicable due to strong
deviance from normality assumptions). A variable “large-medium” having significantly posi-
tive median meant that large transects estimated greater densities than medium transects,
hence large transects were considered more accurate. A significantly negative median meant
the opposite. For each species, this analysis was repeated for every 5 cm-size class. We then
investigated whether 2 groups of 5 cm-size classes could be distinguished for each species: a
first group composed of the smaller 5 cm-size classes better sampled by medium transects
(with negative medians), and a second group composed of the larger 5 cm-size classes better
sampled by large transects (with positive medians). For each species, we found a trend indicat-
ing the existence of such a size threshold, although there was overall a lack of significance due
to the lack of power directly related to the low sample size. Consequently, to increase the
power of the size-threshold test procedure, we computed densities of the 2 size-class groups
[minimum observed size; threshold] and] threshold; maximum observed size], and then, as
above, we tested using Wilcoxon signed rank test whether the first size class group was better
sampled by medium transects and the second size class group was better sampled by the large
transects. This second analysis had greater power because of the larger sample size (i.e. the
number of sites) obtained by using a wider range of size classes allowing fewer double 0 sites
where neither medium nor large transects recorded at least one fish.

Objective 1: Combining large and medium transects for estimating population struc-
ture of the 8 large shy species. Test. For each species, once the threshold was identified, we
computed the species density and species biomass by summing up the densities/biomasses of
(1) fish belonging to the size-class [minimum observed size; threshold] sampled by medium
transects, and (2) fish belonging to the size-class] threshold; maximum observed size] sampled
by large transects. These estimates of species density and biomass are hereafter referred to as
“Large and medium transects combined” estimates. They are opposed to “Medium transects”
estimates, which use density/biomass estimates obtained using only medium transects for all
size classes.

In order to assess the gains in using the new method “Large and Medium transects com-
bined” instead of the standard method “Medium transects” when sampling the 8 large shy
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species, we compared the density and biomass estimates obtained by the two methods at spe-
cies level and at the level of the 8 species pooled.

At species level, we computed—for species density and species biomass separately—the var-
iable “Large and Medium transects combined-Medium”, as the difference between “Large and
Medium transects combined” and “Medium transects” estimates at each site. We then com-
pared the two estimates with Wilcoxon-signed rank test, following the same procedure as
described in step 1.

At the level of the 8 species pooled, we computed total density, total biomass and species
richness for each of the 2 methods “Large and Medium transects combined” and “Medium
transects”, and compared estimates between methods using all sites pooled (24 sites), and sepa-
rately for each protection level (12 protected sites and 12 unprotected sites). These larger sam-
ple sizes allowed use of permutations to assess p-values. We thus used permutational paired t-
test (free from normality assumptions because of permutations), more powerful than Wil-
coxon signed-rank test.

Objective 2: Analyzing the ecological effects of protection on the functional structure of
the whole fish assemblage, through the complementary use of “Large and Medium tran-
sects combined”, “Medium transects” and “Small transects”. Preliminary data prepara-
tion. Every single fish, depending on its taxon and body-size, was assigned to one of the three
sampling methods, “Large and Medium transects combined”, “medium transects” or “Small
transects”, and to one of the six functional groups based on trophic functions following [35],
and on the different micro-habitat uses specific to taxa and/or size class (as a proxy of life
stage). Functional groups were: high trophic level predators (HTLP), necto-benthic carnivores,
juveniles of necto-benthic fish (which have a crypto-benthic behaviour pattern), crypto-ben-
thic carnivores, shoaling planktonivores and herbivores (S1 Table).

As in the previous analyses, the statistical unit was the site, density variables (at the scale of
species, functional groups or the whole fish assemblage) were expressed as (decimal) number
of fish per square meter, biomass variables were expressed as grams per square meter and taxa
richness was the number of taxa observed per site (by pooling replicates).

Objective 2: Analyzing the ecological effects of protection on the functional structure of
the whole fish assemblage, through the complementary use of “Large and Medium tran-
sects combined”, “Medium transects” and “Small transects”. Analysis 1. In order to assess
the magnitude of the effects of protection on the whole fish assemblage, and to compare the
magnitude of protection effects among fish at the species and functional group levels, we com-
puted effect sizes (ES) based on Cohen’s index [36] for each of the following variables: total
density, total biomass and taxa richness for the whole fish assemblage, total density and total
biomass per species, total density and total biomass per functional group.

For each variable, ES was calculated for each of the 3 MPAs as the difference between (1)
the average of the variable over the 4 protected sites and (2) the average of the variable over the
4 unprotected sites, divided by the cumulated standard deviation of the variable (i.e. consider-
ing the 8 sites). Then, we computed the mean ES (ES averaged over the MPAs) and its 95%
confidence intervals (CI), with positive mean ES indicating positive protection effect, i.e.
increased density, biomass, or taxon richness inside MPAs compared to outside. The order of
magnitude of the protection effect was assessed following Cohen’s guidelines [36]: no effect: |
mean ES| < 0.2; small effect: 0.2 < |[mean ES| < 0.5; medium effect: 0.5 < |mean ES| < 0.8;
large effect: 0.8 < |mean ES| < 1.3; very large effect: 1.3 < |mean ES|. 95% CI was used to
account for uncertainty in the identified order of magnitude.

Objective 2: Analyzing the ecological effects of protection on the functional structure of
the whole fish assemblage, through the complementary use of “Large and Medium tran-
sects combined”, “Medium transects” and “Small transects”. Analysis 2. In order to assess
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the reserve effect on the trophic structure of the whole fish assemblage, we computed the mean
absolute biomass (g/m2) and the mean relative biomass (% of total biomass) for each func-
tional group at each MPA and protection level. The two variables were then averaged over the
three MPAs, and compared between protection levels using 95% CI. All analyses and graphical
visualizations were performed in R Environment [37] using libraries plyr [38], reshape2 [39],
coin [40] and ggplot [41]. All data are provided as Supporting Information (S1 Database)

Results

Combining large and medium transects for estimating population
structure of the 8 large shy species

Identifying species-specific body-size thresholds. Visual inspection of the difference in
density estimates between large and medium transects for each 5 cm size class (S1 Fig) allowed
to find species-specific body-size thresholds distinguishing the smaller size class group better
sampled by “medium transects” and the larger size class group better sampled by “large tran-
sects”. Such thresholds were then tested for significance (Fig 2). Large individuals (above the
size threshold) of D. dentex were detected significantly better by large transects than by
medium transects (Fig 2). Trends were also consistent for M. rubra, S. viridensis, D. cervinus, E.
costae, S. umbra, E. marginatus and S. aurata. Small individuals of E. marginatus were signifi-
cantly better detected by medium transects. For each species, patterns thus consistently
showed the higher accuracy of larger transects in sampling the larger size class group, and of
medium transects in sampling the smaller size class group. For each species, biomass and den-
sity were hence computed by summing biomass and density of the smaller size class group
(calculated from medium transects) with biomass and density of the larger size class group
(calculated from large transects). S1 Table reports the transect surface area used in the follow-
ing analysis for abundance estimates of each size class of the 8 large shy species.

Effectiveness of the new method “Large and Medium transects combined” VS the stan-
dard method “Medium transects”. The new method “Large and Medium transects com-
bined” allowed detection of higher density and biomass estimates for all species (i.e. always
positive median values) (Fig 3), although statistical significance was detected only for D.
dentex.

When the two methods were compared for the 8 species combined and at all sites com-
bined, significantly higher values of species richness were found for the new versus the stan-
dard method (Fig 4). However, biomass and density also tended to be higher using the
combined method. When the two methods were compared at locations either inside or outside
MPAs, few statistical differences were found likely due to the low number of replicates, in par-
ticular for outside comparisons. However, trends were always consistent. Outside MPAs, the
low abundance of large shy fish in fact caused the occurrence of several “double 0” sites (where
no individuals were detected either by large or by medium transects), which reduced the dif-
ference between methods.

Ecological analysis of reserve effects, through the complementary use of
“Large and Medium transects combined”, “Medium transects” and “Small
transects”

The results obtained from the methods comparison allowed to extend the analysis to the whole

fish assemblage through the complementary use of “Large and Medium transects combined”,
“Medium transects” and “Small transects”.
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Fig 2. Tukey box plot comparing mean density estimates of large and medium transects. for two size classes of
each species. Numbers inside diamonds are the number of sites considered for the comparison (see text for details). The
color of the box indicates the significance of the p values based upon Wilcoxon signed rank test. The bottom and top of the
box are the first and third quartiles, the band inside the box is the median, the end of the lower whisker is the lowest datum
within 1.5 interquartile range (IQR) of the lower quartile, and the end of the upper whisker is the highest datum within 1.5
IQR of the upper quartile

https://doi.org/10.1371/journal.pone.0178511.9002

At the scale of the whole fish assemblage (Fig 5), the effect of protection on taxa richness
was positive and large according to Cohen’s guidelines, with CI ranging from small
(0.2 < 95% Cl inf. limit) to very large (1.3 < 95%CI sup. limit). The protection effect on total
density was positive and medium, with CI ranging from negatively medium (-0.2> 95% CI
inf. Limit) to positively very large (1.3 < 95% CI sup. limit). The protection effect on total bio-
mass was positive and very large, or at least large (0.8< 95% CI inf. limit).

At the scale of functional groups (Fig 6) and for the biomass variable, the effect of protec-
tion on HTLP was always positive and large. In order of magnitude of the effect size, HTLP
were followed by necto-benthic carnivores, with a large positive ES. Juveniles of necto-benthic
taxa and crypto-benthic carnivores showed a positive response to protection too, with medium
ES, but larger CI. No protection was indicated for shoaling planktivores. Finally, herbivores
showed a small positive effect of MPA presence. When density was analysed, trends were con-
sistent for HTLP, necto-benthic carnivores and shoaling planktivores. Juveniles of necto-ben-
thic fish and crypto-benthic carnivores showed a positive medium effect of protection and a
CI which ranged from no effect to a very large effect. Finally, herbivores showed a negatively
medium effect of protection.

When ES was computed for each taxon, all species in the HTLP group showed a positive
effect of protection both for biomass (S2 Fig) and density (S3 Fig), and among them, E. mar-
ginatus showed the largest positive response to protection (very large ES on density and large
ES on biomass). In the other functional groups, response to protection varied among taxa,
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Fig 3. Comparison of mean density and biomass estimated by “Large and Medium transects
combined” and by “Medium transects” for each species. Tukey box plots. Numbers inside diamonds are
the number of sites considered for the comparison (see text for details). The colour of the box indicates the
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significance of the p values based upon Wilcoxon signed rank test. The bottom and top of the box are the first
and third quartiles, the bend inside the box is the median, the end of the lower whisker is the lowest datum
within 1.5 interquartile range (IQR) of the lower quartile, and the end of the upper whisker is the highest datum
within 1.5 IQR of the upper quartile.

https://doi.org/10.1371/journal.pone.0178511.9003

with both positive and negative effect sizes. Sarpa salpa showed an opposite effect to protection
when biomass (positive ES) and density (negative ES) were considered.

Analysis of the average contribution of each functional group to total fish biomass revealed
the differences among trophic pyramids inside and outside MPAs. Inside MPAs, the contri-
bution of HTLP reached >25% of total fish biomass (45.4 +- 35.2 g/mz), against <2% (0.5 +-
0.5 g/m?) outside MPAs. Adult necto-benthic fish dominate trophic pyramids both inside (72
+- 55 g/m”) and outside MPAs (28 +- 18 g/m), reaching 46% and 50% of total fish biomass
respectively. Shoaling planktonivores and herbivores showed a higher contribution to total
fish biomass outside MPAs, respectively 28% (17.8 +- 12 g/m?) and 18% (11 +- 7.4 g/m?) than
inside (respectively 12% and 14% of total fish biomass). Similarly, the contribution of crypto-
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Fig 4. Comparison of mean density, biomass and species richness estimated by “Large and Medium transects combined” and by “Medium
transects” for 8 species combined, at each protection level and at all at all sites combined. Bars indicate 95% confidence intervals. The colour of
the diamonds indicates the significance of the p values based upon permutational paired t-test.

https://doi.org/10.1371/journal.pone.0178511.g004
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Fig 5. Average effect size * Cl 95% calculated on mean biomass, density and taxa richness for the full fish
assemblage. Dashed vertical bars indicate the order of magnitude of the effect size according to Cohen’s guidelines.
Starting from 0 and moving both to the positive and negative side of the plot, the bars correspond to: small effect,
medium effect, large effect and very large effect.

https://doi.org/10.1371/journal.pone.0178511.9005

benthic carnivores and juveniles to total fish biomass was higher outside MPAs than inside
(Fig 7).

Discussion

Here, we highlight how combining large (20 m x 35 m) and medium (5 m x 25 m) transects to
survey different size classes of large, shy fish increases the accuracy of density and biomass esti-
mates for these species and reduces the potential bias of under-estimation of these species due
to diver avoidance. Next, through the adoption of three transect sizes to survey the whole fish
assemblage at three Mediterranean MPAs, we detected a significant effect of protection on
high trophic level predators, the response of which was always higher in magnitude than that
of other functional groups. Trophic pyramids differed inside and outside MPAs due to the
larger contribution of HTLP to total fish biomass at protected sites, suggesting this metric as
an effective indicator of MPA performance.

New methodology combining large and medium transects to survey
large shy species

Achieving a realistic estimate of fish assemblage density and biomass through visual census is
an arduous task. On one hand, many authors agree that UVC underestimates the true abun-
dance of fish, since a human observer will probably always miss a small percentage of fish that
are in fact present within the census area (e.g. [42-44]). Thus, when several visual census meth-
ods are compared, greater accuracy is generally assumed to be represented by the highest den-
sity of fish recorded [5,20]. On the other hand, other authors suggest that underwater visual
census may overestimate the abundance of fish because of non-instantaneous counts being
performed [45,46]. This bias can occur especially in presence of predator fishes displaying high
swimming speed and/or attractive behaviour towards divers [45]. The behaviour of fish is
likely to have the greatest effect on the accuracy of the visual census method: simultaneously
counting a range of species with different behaviour leads to lower accuracy in estimates than
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if species groups, and size classes within a species group, are counted separately, using the
method best suited to their behaviour [30,47].

Size can indeed be considered a proxy of behaviour: large fish are older and hence, in fished
areas, may tend to avoid the diver due to their life experience (i.e. this is not necessarily the
case in highly enforced MPAs [48]). In this perspective, we analysed the effectiveness of
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combining large sized transects and medium sized transects to record large shy fish, that in the
Mediterranean are generally surveyed using the same transect dimensions adopted for all
necto-benthic fish (Prato et al. in prep). First, we showed that different size classes within a
large shy species are better detected with different transect surface areas (larger size classes
with larger transects), and we identified species-specific size thresholds. Then, we used these
size thresholds to select data from the most appropriate transect surface area for each large shy
fish species. Finally, we demonstrated that surveys combining large and medium transects to
survey large shy fish, provided more accurate (i.e. higher) abundance and biomass estimates
for these species than surveys using only medium transects. In particular, Dentex dentex, were
always more accurately surveyed with large and medium transects combined (i.e. higher abun-
dances and biomass detected). The same trend was also valid for all other large shy species
(median values were positive for Epinephelus marginatus, Sciaena umbra, Sparus aurata Diplo-
dus cervinus, Epinephelus costae, Sphyraena viridensis and Mycteroperca rubra). The lack of sta-
tistical difference for these species was probably not related to the absence of a transect size
effect, but to the low number of replicates available for this analysis, too few to account for the
low abundance of these species at some sites (e.g. E. costae was detected at only one site). This
was confirmed by the comparison between the effectiveness of the two methods at estimating
total density, biomass and species richness of the 8 large shy species combined inside and out-
side MPAs. When all sites were considered irrespectively of the protection factor, the new
method allowed detection of significantly higher species richness and a consistent trend of
higher biomass than the standard method. When fewer sites, hence fewer replicates, were used
for the analysis, statistical differences between the two methods declined, especially outside
MPAs. Inside MPAs, the high abundance of large shy species allowed detection of significantly
higher species richness and a clear trend of higher species biomass with the new method,
despite the low number of replicates. Outside MPAs, in contrast, the low number of transects
where at least one individual was detected (due to the low abundance of the 8 species) did not
enable enable any statistical difference to be highlighted) between the two transect sizes,
although the trend was always consistent.

These results well agree with what was observed by [19], i.e. that larger numbers of large
mobile and/or shy fish would be observed further away from the observer than directly on the
transect path. Even where these species are abundant, such as in our above-mentioned MPA
locations, they will still keep a “safe distance” from the observer, thus the probability of detec-
tion (sensu [19]) is higher within a distance of 10 m compared to 2.5 m on each side of the
observer. Combining large transect size with medium transect size could thus help to reduce
the bias of under-estimation due to fish behaviour. In addition, the possible overestimation
bias of non-instantaneous visual counts due to the higher speed of the large fish with respect to
the speed of the observer [45] is unlikely to occur here. As also stated in [49], the large shy fish
in the analysed ecosystem are not particularly fast-swimming species. Moreover, larger tran-
sects were surveyed at an average speed (700m” / 5min) approximately 8 times higher than the
speed of survey on medium transects (125m? / 8min), thus overestimation bias due to fish flux
across the sampling area is probably reduced. Nonetheless, further testing would be needed to
formally address this issue.

Medium transect size appears to be best suited to survey smaller size classes of these large,
shy species. For instance, smaller dusky grouper often hide in crevices and thus tend to be
overlooked by an observer surveying a larger surface area [18,21]. In medium transects, a
smaller area can be more easily searched and, thus, the detection of more sedentary and hidden
species is more probable [20]. Although large, shy fish were not considered in their study, [20]
compared nested cylinders of varying radius length to survey fish of different size classes,
showing that best abundance estimates for small-sized individuals were obtained on smaller
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surfaces, while larger individuals were recorded with higher accuracy and precision in larger
surface area units.

Ecological analysis of reserve effects, through the complementary use of
“Large and Medium transects combined”, “Medium transects” and “Small
transects”

Due to the better estimates of biomass and species richness obtained from large and medium
transects, we recommend a combination of large, medium and small transect sizes be used to
analyse potential impacts of MPAs on the whole fish assemblage. This approach will be partic-
ularly important when attempting to assess the relative contribution of high trophic level pred-
ators to fish biomass as demonstrated within our three MPAs.

The average response of HTLP to protection was always positive and was higher in magni-
tude than the response of other functional groups. Necto-benthic carnivores were also always
favoured by protection since they included species usually targeted by fishing. Lower trophic
level species (including mostly non-commercial species) showed high variability in response,
including decline of some species in the MPAs, which highlighted the occurrence of possible
indirect negative effects of protection through predation or competition for resources. These
results were similar to those of meta-analytical studies encompassing several Mediterranean
MPAs [50,51] and corresponded well to the response observed by the same trophic groups in
well-enforced MPAs [35]. Nonetheless, although cascading trophic interactions are probably
occurring at the species level, at the trophic group level the increase in the biomass of predator
groups did not lead to a significant reduction in the biomass of lower trophic level groups
inside the MPAs compared to the exploited sites, as could be expected on the basis of increased
predation inside the MPA. Exploitation at the non-protected sites is thus likely to have larger
impact across the food-web than the top-down control exerted by high trophic level predators
at protected sites [52].

Finally, analysis of effect size and of trophic pyramids showed that the biomass of high tro-
phic level predators was the metric that differed most between transects within and outside
MPAs. When all functional groups are compared, the biomass of high trophic level predators
contributed most to the total fish biomass within MPAs. As also suggested by [52], such dis-
parity in biomass ratios between MPAs and open access sites for the different trophic groups
implies a trophic re-organisation that is likely to have substantial consequences for ecological
functions Similar trends were observed in a study covering 13 MPAs and 17 unprotected sites
across the Mediterranean [49], suggesting that this metric is a useful indicator of MPA
performance.

Conclusion

Previous studies have demonstrated how the abundance of high trophic level predators can
increase within MPAs up to several years after the introduction of protection [53], and long-
term monitoring programs are, thus, essential to establish when carrying capacity is reached
[53]. On the basis of our results, we suggest that monitoring programs adopt transects of vari-
able surface area to best census fish of different size and behaviour, as has long been suggested
[1], but never tested in the Mediterranean Sea. The sampling and analysis framework adopted
in this study could markedly improve surveys of fish assemblages. Using the combination of
large and medium transects to survey large shy fish, allows, with few analytical steps, improve-
ment of the accuracy of estimates for these species, the detection of which is usually hampered
by their behavioural traits. The steps include:1-identification of the subset of large shy species
that, because of their size and behaviour when adults, are likely to be underestimated in
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medium transects of 25x5 m (common in the Mediterranean); 2-sampling of this subset of
large shy species with both large and medium transects, sampling of other necto-benthic spe-
cies with medium transect and of cryptobenthic species and juveniles of necto-benthic species
with small transects;— 3 -selection of the size threshold for each large shy species, defining the
best correspondence between each size class and transect size; 4- -analysis of the full fish
assemblage using best estimates of large shy species obtained from large and medium transects
combined, estimates of necto-benthic fish from medium transects and estimates of crypto-
benthic fish and juveniles from small transects.

In a monitoring program, costs and benefits of each potential methodology must be consid-
ered. The approach we propose implies higher costs than standard surveys with one transect
size because of the greater sampling effort needed. However, this approach will provide more
accurate estimate of the abundance and biomass of large, shy fish (as proven by our analysis)—
a category including high trophic level predators- and of cryptobenthic fish and juveniles (as
proven by the literature), and thus provides a more realistic description of fish assemblage
composition and trophic pyramids. For low-cost assessment of the reserve effect of an MPA
(i.e. routine monitoring activity), one transect size is sufficient, However, in the perspective of
long-term monitoring programs to assess the recovery of HTLP, a key ecological and commer-
cial group, and the patterns of change in fish assemblage composition in MPAs, the approach
we propose should be preferred, since it provides data that would allow a better understanding
of ecosystem functioning.

Supporting information

S1 Table. List of surveyed fish species according to transect length and width used and spe-
cies-specific size thresholds of large shy fish.
(DOCX)

S1 Fig. Comparison of the density estimated by large and medium transects for each 5 cm-
size class of each species. Tukey boxplots. Numbers inside diamonds are the number of sites
considered for the comparison (see text for details). The color of the box indicates the signifi-
cance of the differences in mean density estimates based upon Wilcoxon signed rank test. The
bottom and top of the box are the first and third quartiles, the diamond is the median, the end
of the lower whisker is the lowest datum within 1.5 interquartile range (IQR) of the lower
quartile, and the end of the upper whisker is the highest datum within 1.5 IQR of the upper
quartile

(PNG)

S2 Fig. Average effect size + CI 95% calculated on mean biomass for each taxon
(PNG)

S3 Fig. Average effect size + CI 95% calculated on mean density for each taxon.
(PNG)

S1 Database. Database of transect data.
(XLSX)

Acknowledgments

The authors gratefully acknowledge Paolo Guidetti for the support provided during the devel-
opment of the study. Special thanks to Pier Panzalis, José Antonio Garcia Charton, Emna Ben
Lamine and the Porto San Paolo Dive Center for invaluable assistance during field work. The

authors also wish to thank Augusto Navone (director of the Tavolara-Punta Coda Cavallo

PLOS ONE | https://doi.org/10.1371/journal.pone.0178511  June 8, 2017 17/20


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0178511.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0178511.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0178511.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0178511.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0178511.s005
https://doi.org/10.1371/journal.pone.0178511

@° PLOS | ONE

Improved Underwater Visual Census to monitor fish assemblages

MPA) and his staff, and Jean-Marie Dominici (Scandola natural reserve) for helpful assistance.
The present study was supported by the MMMPA — Training Network for Monitoring Medi-
terranean Marine Protected Areas, which has received funding from the European Commu-
nity’s Seventh Framework Programme (FP7/2007-2013) under Grant Agreement n0.290056.
The authors wish to thank two anonymous reviewers and Prof. Carlotta Mazzoldi (University
of Padua, Italy) for their useful comments which have helped us to significantly improve the
manuscript.

Author Contributions
Conceptualization: GP PF.

Data curation: GP PT.

Formal analysis: GP PT ADF.
Funding acquisition: PF.
Investigation: GP.

Methodology: GP ADF PT PF.
Project administration: GP PF.
Supervision: GP ADF PT PF.
Visualization: GP PT.

Writing - original draft: GP ADF.
Writing - review & editing: GP ADF PT.

References

1. Harmelin-Vivien M, Harmelin J, Chauvet C, Duval C, Galzin R, Lejeune P, et al. Evaluation visuelle des
peuplements et populations de poissons: méthodes et problémes. Rev Décologie. 1985; 40: 467-539.

2.  Murphy HM, Jenkins GP. Observational methods used in marine spatial monitoring of fishes and asso-
ciated habitats: a review. Mar Freshw Res. 2010; 61: 236. https://doi.org/10.1071/MF09068

3. MalletD, Pelletier D. Underwater video techniques for observing coastal marine biodiversity: A review
of sixty years of publications (1952—2012). Fish Res. 2014; 154: 44—62. https://doi.org/10.1016/j.
fishres.2014.01.019

4. Harmelin J-G, Bachet F, Garcia F. Mediterranean Marine Reserves: Fish Indices as Tests of Protection
Efficiency. Mar Ecol. 1995; 16: 233-250. https://doi.org/10.1111/].1439-0485.1995.tb00408.x

5. Samoilys MA, Carlos G. Determining Methods of Underwater Visual Census for Estimating the Abun-
dance of Coral Reef Fishes. Environ Biol Fishes. 2000; 57: 289—-304. https://doi.org/10.1023/
A:1007679109359

6. Colvocoresses J, Acosta A. A large-scale field comparison of strip transect and stationary point count
methods for conducting length-based underwater visual surveys of reef fish populations. Fish Res.
2007; 85: 130—141. hitps://doi.org/10.1016/j.fishres.2007.01.012

7. SalaE, Ballesteros E, Dendrinos P, Di Franco A, Ferretti F, Foley D, et al. The Structure of Mediterra-
nean Rocky Reef Ecosystems across Environmental and Human Gradients, and Conservation Implica-
tions. Plos One. 2012; 7: €32742. https://doi.org/10.1371/journal.pone.0032742 PMID: 22393445

8. Brock VE. A preliminary report on a method of estimating reef fish populations. J Wildl Manag. 1954;
297-308.

9. Harmelin-Vivien M, Harmelin J. Présentation d’une méthode d’évaluation in situ de la faune ichtyologi-
que. Trav Sci Parc Nation Port-Cros. 1975; 1: 47-52.

10. Bannerot SP, Bohnsack JA. A stationary visual census technique for quantitatively assessing commu-
nity structure of coral reef fishes. NOAA Tech Rep NMFS. 1986; 41: 1-15.

PLOS ONE | https://doi.org/10.1371/journal.pone.0178511  June 8, 2017 18/20


https://doi.org/10.1071/MF09068
https://doi.org/10.1016/j.fishres.2014.01.019
https://doi.org/10.1016/j.fishres.2014.01.019
https://doi.org/10.1111/j.1439-0485.1995.tb00408.x
https://doi.org/10.1023/A:1007679109359
https://doi.org/10.1023/A:1007679109359
https://doi.org/10.1016/j.fishres.2007.01.012
https://doi.org/10.1371/journal.pone.0032742
http://www.ncbi.nlm.nih.gov/pubmed/22393445
https://doi.org/10.1371/journal.pone.0178511

@° PLOS | ONE

Improved Underwater Visual Census to monitor fish assemblages

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Pelletier D, Leleu K, Mallet D, Mou-Tham G, Hervé G, Boureau M, et al. Remote High-Definition Rotat-
ing Video Enables Fast Spatial Survey of Marine Underwater Macrofauna and Habitats. Goldstien SJ,
editor. PLoS ONE. 2012; 7: e30536. https://doi.org/10.1371/journal.pone.0030536 PMID: 22383965

Willis TJ. Visual census methods underestimate density and diversity of cryptic reef fishes. J Fish Biol.
2001; 59: 1408-1411.

Edgar GJ, Barrett NS, Morton AJ. Biases associated with the use of underwater visual census tech-
niques to quantify the density and size-structure of fish populations. J Exp Mar Biol Ecol. 2004; 308:
269-290.

Williams ID, Walsh WJ, Tissot BN, Hallacher LE. Impact of observers’ experience level on counts of
fishes in underwater visual surveys. Mar Ecol Prog Ser. 2006; 310: 185—191.

Tessier A, Pastor J, Francour P, Saragoni G, Crec’hriou R, Lenfant P. Video transect as a complement
to underwater visual census to study reserve effect on fish assemblages. Aquat Biol. 2013; https://doi.
0rg/10.3354/ab00506

Stobart B, Garcia-Charton JA, Espejo C, Rochel E, Goni R, Renones O, et al. A baited underwater
video technique to assess shallow-water Mediterranean fish assemblages: Methodological evaluation.
J Exp Mar Biol Ecol. 2007; 345: 158—174. https://doi.org/10.1016/j.jembe.2007.02.009

Thresher RE, Gunn JS. Comparative analysis of visual census techniques for highly mobile, reef-asso-
ciated piscivores (Carangidae). Environ Biol Fishes. 1986; 17: 93—116. https://doi.org/10.1007/
BF00001740

Cheal AJ, Thompson AA. Comparing visual counts of coral reef fish: implications of transect width and
species selection. Mar Ecol Prog Ser. 1997; 158: 241-248.

Kulbicki M. How the acquired behaviour of commercial reef fishes may influence the results obtained
from visual censuses. J Exp Mar Biol Ecol. 1998; 222: 11-30. https://doi.org/10.1016/S0022-0981(97)
00133-0

MinteVera CV, Moura RL de, FranciniFilho RB. Nested sampling: an improved visual-census technique
for studying reef fish assemblages. Mar Ecol Prog Ser. 2008; 367: 283—-293. https://doi.org/10.3354/
meps07511

Bozec Y-M, Kulbicki M, Laloé F, Mou-Tham G, Gascuel D. Factors affecting the detection distances of
reef fish: implications for visual counts. Mar Biol. 2011; 158: 969-981. https://doi.org/10.1007/s00227-
011-1623-9

Kovaci¢ M, Patzner RA, Schliewen U. A first quantitative assessment of the ecology of cryptobenthic
fishes in the Mediterranean Sea. Mar Biol. 2012; 159: 2731-2742. https://doi.org/10.1007/s00227-012-
2030-6

Franco A, Perez-Ruzafa A, Drouineau H, Franzoi P, Koutrakis ET, Lepage M, et al. Assessment of fish
assemblages in coastal lagoon habitats: Effect of sampling method. Estuar Coast Shelf Sci. 2012; 112:
115—-125. https://doi.org/10.1016/j.ecss.2011.08.015

Pérez-Ruzafa A, Garcia-Charton JA, Barcala E, Marcos C. Changes in benthic fish assemblages as a
consequence of coastal works in a coastal lagoon: the Mar Menor (Spain, Western Mediterranean).
Mar Pollut Bull. 2006; 53: 107—120. https://doi.org/10.1016/j.marpolbul.2005.09.014 PMID: 16253291

Januchowski-Hartley FA, Graham NAJ, Feary DA, Morove T, Cinner JE. Fear of Fishers: Human Pre-
dation Explains Behavioral Changes in Coral Reef Fishes. PLOS ONE. 2011; 6: €22761. https://doi.org/
10.1371/journal.pone.0022761 PMID: 21853046

Peters RH, Wassenberg K. The effect of body size on animal abundance. Oecologia. 1983; 60: 89-96.
https://doi.org/10.1007/BF00379325 PMID: 28310539

Halford AR, Thompson AA. Visual census surveys of reef fish. Australian Institute of Marine Science;
1994.

Mapstone BD, Ayling T, Great Barrier Reef Marine Park Authority. An investigation of optimum methods
and unit sizes for the visual estimation of abundances of some coral reef organisms. Townsville, Qld.:
Great Barrier Reef Marine Park Authority; 1998.

Sandin SA, Smith JE, DeMartini EE, Dinsdale EA, Donner SD, Friedlander AM, et al. Baselines and
degradation of coral reefs in the northern Line Islands. PLoS One. 2008; 3: e1548. https://doi.org/10.
1371/journal.pone.0001548 PMID: 18301734

De Girolamo M, Mazzoldi C. The application of visual census on Mediterranean rocky habitats. Mar
Environ Res. 2001; 51: 1-16. https://doi.org/10.1016/S0141-1136(00)00028-3 PMID: 11125700

Di Franco A, Di Lorenzo M, Guidetti P. Spatial patterns of density at multiple life stages in protected and
fished conditions: an example from a Mediterranean coastal fish. J Sea Res. 2013; 76: 73-81.

Hackradt CW, Garcia-Charton JA, Harmelin-Vivien M, Pérez-Ruzafa A, Diréach LL, Bayle-Sempere J,
et al. Response of Rocky Reef Top Predators (Serranidae: Epinephelinae) in and Around Marine

PLOS ONE | https://doi.org/10.1371/journal.pone.0178511  June 8, 2017 19/20


https://doi.org/10.1371/journal.pone.0030536
http://www.ncbi.nlm.nih.gov/pubmed/22383965
https://doi.org/10.3354/ab00506
https://doi.org/10.3354/ab00506
https://doi.org/10.1016/j.jembe.2007.02.009
https://doi.org/10.1007/BF00001740
https://doi.org/10.1007/BF00001740
https://doi.org/10.1016/S0022-0981(97)00133-0
https://doi.org/10.1016/S0022-0981(97)00133-0
https://doi.org/10.3354/meps07511
https://doi.org/10.3354/meps07511
https://doi.org/10.1007/s00227-011-1623-9
https://doi.org/10.1007/s00227-011-1623-9
https://doi.org/10.1007/s00227-012-2030-6
https://doi.org/10.1007/s00227-012-2030-6
https://doi.org/10.1016/j.ecss.2011.08.015
https://doi.org/10.1016/j.marpolbul.2005.09.014
http://www.ncbi.nlm.nih.gov/pubmed/16253291
https://doi.org/10.1371/journal.pone.0022761
https://doi.org/10.1371/journal.pone.0022761
http://www.ncbi.nlm.nih.gov/pubmed/21853046
https://doi.org/10.1007/BF00379325
http://www.ncbi.nlm.nih.gov/pubmed/28310539
https://doi.org/10.1371/journal.pone.0001548
https://doi.org/10.1371/journal.pone.0001548
http://www.ncbi.nlm.nih.gov/pubmed/18301734
https://doi.org/10.1016/S0141-1136(00)00028-3
http://www.ncbi.nlm.nih.gov/pubmed/11125700
https://doi.org/10.1371/journal.pone.0178511

@° PLOS | ONE

Improved Underwater Visual Census to monitor fish assemblages

33.

34.

35.

36.

37.

38.
39.
40.

41.
42.

43.

44,
45.

46.

47.

48.

49.

50.

51.

52.

53.

Protected Areas in the Western Mediterranean Sea. PLOS ONE. 2014; 9: €98206. https://doi.org/10.
1371/journal.pone.0098206 PMID: 24905331

Francour P, Harmelin JG, Pollard D, Sartoretto S. A review of marine protected areas in the northwest-
ern Mediterranean region: siting, usage, zonation and management. Aquat Conserv Mar Freshw Eco-
syst. 2001; 11: 155-188.

Pinnegar JK, Polunin NVC. Contributions of stable-isotope data to elucidating food webs of Mediterra-
nean rocky littoral fishes. Oecologia. 2000; 122: 399—409. https://doi.org/10.1007/s004420050046
PMID: 28308291

Guidetti P, Milazzo M, Bussotti S, Molinari A, Murenu M, Pais A, et al. Italian marine reserve effective-
ness: Does enforcement matter? Biol Conserv. 2008; 141: 699-709. https://doi.org/10.1016/j.biocon.
2007.12.013

Cohen J. Statistical power analysis for the behavioral sciences Lawrence Earlbaum Associates. Hills-
dale NJ. 1988; 20-26.

Team RC. R: A language and environment for statistical computing. R Foundation for Statistical Com-
puting, Vienna, Austria. 2013. 2014.

Wickham H, others. The split-apply-combine strategy for data analysis. J Stat Softw. 2011; 40: 1-29.
Wickham H, others. Reshaping data with the reshape package. J Stat Softw. 2007; 21: 1-20.

Zeileis A, Wiel MA, Hornik K, Hothorn T. Implementing a class of permutation tests: the coin package. J
Stat Softw. 2008; 28: 1-23.

Wickham H. ggplot2: elegant graphics for data analysis. Springer N Y. 2009;1: 3.

Sale PF, Douglas WA. Precision and accuracy of visual census technique for fish assemblages on coral
patch reefs. Environ Biol Fishes. 1981; 6: 333-339.

Sale PF, Sharp BJ. Correction for bias in visual transect censuses of coral reef fishes. Coral Reefs.
1983; 2: 37-42. https://doi.org/10.1007/BF00304730

Short J, Bayliss P. Bias in aerial survey estimates of kangaroo density. J Appl Ecol. 1985; 415-422.

Ward-Paige C, Flemming JM, Lotze HK. Overestimating fish counts by non-instantaneous visual cen-
suses: consequences for population and community descriptions. Plos One. 2010; 5: e11722. https://
doi.org/10.1371/journal.pone.0011722 PMID: 20661304

Trebilco R, Baum JK, Salomon AK, Dulvy NK. Ecosystem ecology: size-based constraints on the pyra-
mids of life. Trends Ecol Evol. 2013; 28: 423-31. https://doi.org/10.1016/j.tree.2013.03.008 PMID:
23623003

Smith MPL. Improving multispecies rocky reef fish censuses by counting different groups of species
using different procedures. Environ Biol Fishes. 1989; 26: 29-37.

Januchowski-Hartley FA, Nash KL, Lawton RJ. Influence of spear guns, dive gear and observers on
estimating fish flight initiation distance on coral reefs. Mar Ecol Prog Ser. 2012; 469: 113—119.

Guidetti P, Baiata P, Ballesteros E, Di Franco A, Hereu B, Macpherson E, et al. Large-Scale Assess-
ment of Mediterranean Marine Protected Areas Effects on Fish Assemblages. PLoS ONE. 2014; 9:
€91841. https://doi.org/10.1371/journal.pone.0091841 PMID: 24740479

Micheli F, Halpern BS, Botsford LW, Warner RR. Trajectories and correlates of community change in
no-take marine reserves. Ecol Appl. 2004; 14: 1709—1723.

Guidetti P. Potential of Marine Reserves to Cause Community-Wide Changes beyond Their Bound-
aries. Conserv Biol. 2007; 21: 540-545. https://doi.org/10.1111/j.1523-1739.2007.00657.x PMID:
17391204

Soler GA, Edgar GJ, Thomson RJ, Kininmonth S, Campbell SJ, Dawson TP, et al. Reef Fishes at All
Trophic Levels Respond Positively to Effective Marine Protected Areas. PLOS ONE. 2015; 10:
e€0140270. https://doi.org/10.1371/journal.pone.0140270 PMID: 26461104

Garcia-Rubies A, Hereu B, Zabala M. Long-Term Recovery Patterns and Limited Spillover of Large
Predatory Fish in a Mediterranean MPA. PLOS ONE. 2013; 8. https://doi.org/10.1371/journal.pone.
0073922 PMID: 24069251

PLOS ONE | https://doi.org/10.1371/journal.pone.0178511  June 8, 2017 20/20


https://doi.org/10.1371/journal.pone.0098206
https://doi.org/10.1371/journal.pone.0098206
http://www.ncbi.nlm.nih.gov/pubmed/24905331
https://doi.org/10.1007/s004420050046
http://www.ncbi.nlm.nih.gov/pubmed/28308291
https://doi.org/10.1016/j.biocon.2007.12.013
https://doi.org/10.1016/j.biocon.2007.12.013
https://doi.org/10.1007/BF00304730
https://doi.org/10.1371/journal.pone.0011722
https://doi.org/10.1371/journal.pone.0011722
http://www.ncbi.nlm.nih.gov/pubmed/20661304
https://doi.org/10.1016/j.tree.2013.03.008
http://www.ncbi.nlm.nih.gov/pubmed/23623003
https://doi.org/10.1371/journal.pone.0091841
http://www.ncbi.nlm.nih.gov/pubmed/24740479
https://doi.org/10.1111/j.1523-1739.2007.00657.x
http://www.ncbi.nlm.nih.gov/pubmed/17391204
https://doi.org/10.1371/journal.pone.0140270
http://www.ncbi.nlm.nih.gov/pubmed/26461104
https://doi.org/10.1371/journal.pone.0073922
https://doi.org/10.1371/journal.pone.0073922
http://www.ncbi.nlm.nih.gov/pubmed/24069251
https://doi.org/10.1371/journal.pone.0178511

