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Abstract

Facing the loss of fish biodiversity and the decrease of fish
stocks since several decades, a proposed solution is the multipli-
cation of Marine Protected Areas (MPA). In Senegal, one MPA has
been implemented in 2003 in one of the channels composing the
Sine Saloum estuary. A monitoring program was carried out based
on hydro-acoustic survey and the two main metrics extracted from
hydro-acoustic data: Fish biomass proxy and fish size distribution
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proxy. The surveys were performed using vertical beaming at differ-
ent seasons from 2003 to 2010. In the MPA, a light increase of the
fish biomass proxy and an increase of the fish size proxy during the
dry season were observed. The biomass proxy recorded in a close
but not protected tributary were higher than in the MPA, probably
due to a strong connection with open marine water, aggregative be-
havior of preys in the MPA due to higher predation, and a stronger
avoidance phenomenon in the MPA. The high variability of the MPA
environment submitted to both estuarine and marine influences and
the size of the MPA may explain the lack of clear results. However,
the learned lessons enable us to make recommendations to monitor
fish population in MPAs using hydroacoustic methods. Evaluation
procedures using these methods are proposed highlighting the im-
portance of a rigorous survey protocol to insure the exploitation of
the entire acquired time series.

Keywords: Estuary; Fish; Hydro-acoustics; Marine Protected Areas;
West Africa

Introduction

The important decrease of fish stocks during the last decades, at
local and global scales, has led to a push for stronger marine conser-
vation efforts [1], whatever the true level of global fish stocks [2].
As a tool to conserve marine resources and manage them, Marine
Protected Areas (MPA) have recently received much interest around
the world [3-7]. The world conservation union [8] provides the fol-
lowing definition of a MPA: “Any area of intertidal or subtidal terrain,
together with its overlying water and associated flora, fauna, histor-
ical and cultural features, which has been reserved by law or other
effective means to protect part or the entire enclosed environment.”
Such marine reserves may provide multiple benefits like the protec-
tion of habitat, the conservation of biodiversity, the protection or en-
hancement of fish stocks, the export of animals to exploited areas,
the creation of sites for scientific investigation, baseline information
and education [9]. However, to assess the role and the efficiency of
a MPA, monitoring protocols must be established based on scientific
data time series. Developing countries have recently joined these new
preservation tools and implemented new MPA, but there is still a clear
gap between developed and developing nations in MPA establishment
[10].

In Senegal (West Africa), the Sine-Saloum estuary is characterised
by an important mangrove forest, an inverse salinity due to freshwater
input scarcity and high evaporation, and a high biodiversity of fish
population [11,12]. Because of its important ecological [11] and eco-
nomical roles [13,14] it was essential to preserve this ecosystem. The
Sine-Saloum estuary (800 km?) is made up of three main channels,
Saloum, Diomboss and Bandiala, from North to South. These three
main channels are interconnected by a network of small channels,
including the Bamboung channel (Figure 1), where a MPA has been
implemented in 2003 [15]. This MPA is a no-take area where fishing
is completely banned [15,16]. Under these conditions and since its
creation, the Bamboung MPA is monitored using hydro-acoustical
methods to survey its fish assemblage [17].
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Figure 1: Map of the Sine-Saloum estuary and the tributaries studied: The
Bamboung tributary, where is the MPA and the Sangako tributary.

Hydro-acoustics is a widely used approach to monitor fish popula-
tion in various environments [ 18] including estuaries in temperate and
tropical areas [19-22]. This non-intrusive method provides high res-
olution observations, allowing the monitoring of fish stocks at large
scales [18]. Using acoustic data collected from 2003 to 2010 in the
Bamboung MPA, and from 2008 to 2010 in a surrounding area, the
main objectives of this work are: 1/ to describe the fish assemblage
changes over time in the MPA in terms of fish biomass and fish size,
2/ to evaluate the influence of the MPA onto the outside close area on
fish biomass, and 3/ to document and discuss the inputs and limits of
this approach in such an ecosystem, and more generally, of the use of
the hydro-acoustics for MPA’s monitoring.

Materials and Methods
Study site

The Bamboung tributary (13°50 N, 16'33 W) is a reproduction and
nursery area for many fish species [23]. The MPA is about 15 km
long, with a maximum width of 500 m and a changing depth (Figure
2) with a maximum of 15 m near the mouth. Its water covers an area
of about 6.8 km? in a 70 km? ground area [23], and its tidal range is
around 2 m. Climate is defined by two main hydrological seasons,
and three periods: A long dry season which is cool from November
to March and warm from April to June, and a short warm wet season,
which extends from July to October. In the Bamboung MPA, mean
water surface temperature varies from 25°C in March to 30.5°C in
October, and salinity ranges from 31.8 in October to 43.2 in May
[24,25].

Surveys were carried out inside the Bamboung MPA from 2003 to
2010 at all three periods. Since 2008, one close tributary, the Sangako,
which is not in the protected area, has been added to the monitoring
survey (Figure 1). This close tributary is similar to the Bamboung
one in terms of bathymetry and environmental conditions like tem-
perature and salinity, but its orientation faces the main mouth of the
estuary, directly connected to open marine waters (Figure 1). It covers
an area of 4.7 km? of water.
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Figure 2: Bathymetry of the Bamboung and Sangako tributaries from left
to right going upstream.

Experimental protocol

Hydro-acoustic data were collected using a standardised protocol
of mobile vertical echo sounding used in similar ecosystems [26,27]
including calibration steps as described by Foote et al. [28]. Pros-
pecting has been performed along zig-zag tracks going downstream,
at high tide, at a mean speed of 5 km/h-1, only during daytime for
security reasons. A part of the surveys have been performed under
practical conditions (weather conditions, anthropogenic perturba-
tions) which have disrupted the protocol compliance, and then pro-
duced non-comparable or unusable data in the time series. In particu-
lar, among the three periods sampled, only two could really be studied
over time: The dry cool (November to March) and the wet warm (July
to October) seasons. The sampling of the dry warm season, from April
to June, contained too much variability in the acquisition protocol due
to external constraints (time of the tide, anthropogenic disturbance
due to visitors). This leads to high difficulties in the analysis of the
possible difference between the dry and wet seasons over the entire
time series. As a consequence, to ensure the use of comparable data
over the entire series, the choice was done to keep only the data for
the dry cool and wet warm seasons (Table 1). The cover ratios, as
defined by Aglen [29], were greater than 4 for the Bamboung and the
Sangako. They were within values of low variability of the estimate,
compared to the variability obtained for a degree of coverage smaller
than 3.5, which is a clear threshold from this viewpoint [29].

Date Season BBG SGK
17/10/2003 Wet X
10/3/2004 Dry X
26/10/2005 Wet X
23/03/2006 Dry X
12/10/2006 Wet X
2/4/2008 Dry X X
13/10/2008 Wet X X
7/4/2009 Dry X X
7/10/2009 Wet X X
16/03/2010 Dry X X
13/10/2010 Wet X X
Table 1: Hydro-acoustic sampling surveys carried out from 2003 to 2010
inside the Bamboung MPA (BBG) and since 2008, outside the MPA, in
the Sangako (SGK) tributary, with date and season information. Missing
data in the series are due to equipment issues.
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The used equipment was a SIMRAD EY500 echosounder, with a
split-beam 120 kHz transducer, beaming vertically fixed to the side
of the boat at 0.50 m below the surface. The transducer was circular,
with a total beam angle of 7.1 at -3 dB, the pulse length used was
the medium one (0.3 ms) [26]. Windy conditions preclude the use of
horizontal beaming [30].

Acoustic data processing

Acoustic data were processed using the Sonar5-pro® software
[31] to perform echo integration, and Target Strength (TS) analysis
[18]. The analysis thresholds were set at -65 dB for echo integration
and target strength processing, as a compromise to target on fish-like
organisms including juveniles [32], within a satisfying signal/noise
ratio. The two acoustic metrics used were the volume backscattering
strength (Sv in dB) [33], as a fish biomass proxy [21,34], named here
after acoustic biomass, and the Target Strength (TS in dB) [33], as a
fish size distribution proxy [18]. The discrimination characteristics of
the individual targets were: Minimum and maximum returned pulse
width 0.6 and 1.8 respectively, fold the transmitted pulse duration;
maximum gain compensation 6 dB; maximum phase deviation of 3
phase steps. The water column was sampled from 1.5 m depth to 0.3
m above the bottom. To limit the intra-variability inside each tribu-
tary, the used data was an average of acoustic densities and TS, calcu-
lated in the linear domain, from Elementary Sampling Distance Units
(ESDU) of 0.1 nmi, i.e., about 40 values by tributary, then meanned,
over all 768 ESDU. Moreover, during the preliminary analysis pro-
cess (visual verification, false echoes and noises removing and bot-
tom checking) two types of fish structures were observed [35] in these
daytime data: Fish schools and scattered fish populations (Figure 3).
In hydro-acoustic surveys, the spatial variability is high during day-
time, owing to the aggregation of fish in schools [36]. Fish schools
presenting very high acoustic values, exceeding dramatically the scat-
tered fish ones, may hide assemblage changes of the latter [37]. So, in
order to study the variation of both fish structures, both data analysis
were performed, including or not including, fish schools. The analysis
focused first on the Bamboung MPA, from 2003 to 2010, and second-
ly on the Sangako tributary from 2008 to 2010.
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Figure 3: Examples of two echograms, (up) showing the school structure
and (bottom) showing the assemblage with scattered fish.

The changes of acoustic densities over time in the Bamboung
tributary has been studied using temporal trends, and the comparison

between fish assemblages for various configurations rely on non-para-
metric Kruskal-Wallis tests operated on the linear values.

Results

Changes of fish assemblage inside the MPA from 2003 to
2010

The change over time of mean Sv values, for data including
schools, showed in both seasons a small increase of the mean acoustic
biomass from 2003 to 2010. The trend was somewhat similar in both
seasons, but the increase was not statistically significant at a p level of
0.05 (Figure 4). Without the schools, no clear trend could be brought
out in both seasons (Figure 4). It was thus not possible to conclude
on a statistically significant difference between seasons, whether the
schools were included or not (Table 2). The comparisons of the fish
biomass proxy obtained with and without the schools showed a signif-
icant higher value with the schools only in the dry season; there was
no clear difference in the wet season (Table 2).
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Figure 4: Change of mean Sv values (in dB) per year in the Bamboung
(squares) and in the Sangako (triangles) tributaries: Black is the dry season
and white the wet season. The upper figure shows the results including the
schools, and the lower one excluding them.

Areas Sv TS
with schools Wet/Dry 0.5127 NA
without school Wet/Dry 0.5127 0.0209
Bamboung
with/without schools Wet 0.1266 NA
with/without schools Dry 0.0495 NA
with schools Wet/Dry 0.5127 NA
without school Wet/Dry 0.8273 0.0495
Sangako
with/without schools Wet 0.2752 NA
with/without schools Dry 0.5127 NA
with schools Wet 0.5127 NA
Bamboung/ without school 0.8273 0.2752
Sangako with schools Dry 0.0495 NA
without school 0.5127 0.2752

Table 2: Non-parametric Kruskal-Wallis tests results to compare mean
acoustic densities and mean acoustic sizes between tributaries, between
seasons and with and without taking into account the schools for the den-
sity calculations. Significant tests (p < 0.05) are in bold.
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The mean TS for the wet season of the fish assemblage did not
show any change over time, conversely to the mean TS in the dry sea-
son, which increased over the years but not statistically significantly
(at a p level of 0.05) (Figure 5). However, the mean acoustic sizes in
the dry season were larger than those in the wet season, with a highly
significant difference (Table 2).

years
2003 2004 2005 2006 2007 2008 2009 2010
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Figure 5: Change of mean TS (in dB) per year in the Bamboung (squares)
and in the Sangako (triangles) tributaries: Black is the dry season and white
the wet season.

Fish assemblage inside the Sangako tributary

When analysis included schools, there was a rather stable fish bio-
mass proxy value along the three available years during the dry season
(Figure 4). Conversely, during the wet season, the very high value in
2008 was very different from those of the two other years. Without the
schools, stability was not maintained over the three years for the dry
season and no clear pattern was visible in the wet season (Figure 4).
It did not show statistically significant differences between seasons or
between the densities calculated with and without schools (Table 2).
For the acoustic sizes, there was a significant difference between the
two seasons, as observed in the Bamboung (Table 2), with smaller fish
observed during the wet season than during the dry season. It can be
noted that for the three available years, the dry season mean acoustic
size decreased from 2008 to 2010 (R?>=0.96) (Figure 5).

Comparison between inside and outside the MPA

In any given season, the mean number of schools was higher in
the Bamboung tributary than in the Sangako tributary. The average
number of schools over the entire years was 1.16 schools/0.1 nmi in
the Bamboung, and 0.55 school/0.1 nmi for the Sangako. But during
the dry season, the density per school was higher in the Sangako trib-
utary than in the Bamboung one, leading, for the average acoustic
biomass, to a higher value in the Sangako and rather stable over the
three available years (Figure 4). This difference between the two trib-
utaries was statistically significant (Table 2). For the wet season, the
Sv value recorded in 2008 in the Sangako was very high compared to
the values for 2009 and 2010 that were more similar to the Bamboung
ones. No statistical differences could be brought out (Table 2). When
the analysis excluded schools, during the dry season the acoustic bio-
mass was much higher in the Sangako than in the Bamboung for 2008
and 2009, but not for 2010. During the wet season, Sv values showed
a pattern similar to that observed with schools included (Figure 4).
For both seasons, no significant differences were brought out (Table
2). In the dry season, the mean TS values for the Sangako and for the
Bamboung had less than 1 dB difference in 2008 and 2009, while the
TS for the Sangako was much lower in 2010 (Figure 5). In the wet
season, the mean TS values of the two tributaries had less than 1 dB

difference in 2008 and 2010, but the Sangako’s TS value was much
lower in 2009 (Figure 5). These results did not show any significant
trend, and nothing significant arose from statistical tests (Table 2).

Discussion

Despite the implementation of a precise and regular experimental
protocol [26], field and weather conditions have sometimes led to data
that were not usable for comparison analysis. So, unfortunately, some
surveys had to be removed from the data set, and some time series
were thus incomplete. It was necessary to make a selection within the
data set, onto which the entire analysis could be done, so the resulting
set was not as large as expected at the beginning of the monitoring
program.

Due to practical and safety reasons, acoustic data have been col-
lected only during daytime. Several acoustic studies have shown that
if night-time datasets are different from daytime datasets [38,39],
there is a positive significant correlation between the acoustic densi-
ties obtained for the two periods [40]. Thus, even if night-time data
may be more accurate (the fish is usually scattered, that allows the
extraction of a higher number of individual targets, and provides a
more homogeneous distribution of the fish), the analysis of daytime
data can be accepted as it has been done in other aquatic ecosystems
[27.41].

Horizontal acquisitions are often used in this type of environment
[20,42], but they are difficult to perform under windy conditions and
data are difficult to analyse [30,43]. Furthermore, despite works ex-
ploring the biases in horizontal data analysis [20], vertical beaming
provides more accurate data than horizontal beaming, as there is less
variability in the fish answers relative to its sound directivity. The
mean depth of the tributaries allowed to work in vertical beaming in
an appropriate way as shown by Guillard et al. [26,44]. Surveys were
carried out with a comparative approach and did not aim at obtaining
absolute stock estimates.

For TS analysis, the number of targets in such a shallow envi-
ronment is too low. So, after trying several spatial resolutions, it has
been necessary to analyse the tributaries in their whole, and to use the
overall average results.

According to the acoustic biomass proxy, Sv, the fish density
lightly increased from 2003 to 2010 in the Bamboung tributary but
the trends were not statistically significant. For the TS data recorded
during the dry season, the trend was an increase over the years, with a
low statistical significance (p<0.2) due to the low number of samples.
The increase of the mean fish size in the protected area was in accor-
dance with observations done in similar ecosystems [45,46]. During
the wet season, the recruitment leaded to lower values of TS, due to
the presence of small fish; TS were statistically different from those
in the dry season, but no trend was apparent throughout the years. It
clearly evidences the importance of the young fish in the population
after the recruitment periods, which may have hidden the more per-
manent trends.

The densities recorded during the dry season were higher in
the Sangako than in the Bamboung. No such conclusion can be in-
ferred from the wet season data, however for 2 of the 3 years, this
was still true. Keeping in mind that this observation was made on
a sample of only 3 years, some interpretations can be considered.
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According to the orientation of the Sangako tributary relative to the
main channel, straight connected to the sea, these acoustic results
question a possible marine influence that may be higher on the Sanga-
ko than on the Bamboung tributary. This configuration could lead to
more exchanges between the tributary and the marine zone. Further-
more, as more bigger fish (i.e., top predators) were observed inside
the Bamboung MPA than outside [47], fish may form numerous small
schools, a well-known aggregative behaviour against predators [48-
50]. Finally, avoidance behaviour [51-53], could be more developed
in the Bamboung MPA than in the other tributaries. Fishing being pro-
hibited inside the MPA, boats passing through it are scarce conversely
to the Sangako tributary which is edged by numerous villages and is
highly fishery exploited. Thus, fish schools inside the MPA got less
used to boat noises, and schools of bigger fish could easily escape and
avoid detection, more than schools from other zones where passing
boats and fishing activities are substantial. The fish size composition
for the tributaries of Bamboung and of Sangako did not show sig-
nificant differences, whereas fishing was recorded in the Sangako:
Monitor fish assemblage within a shallow MPA using hydroacoustics,
was a challenge [20,54] although it is feasible.

Due to practical constraints, the data proved to be not enough reg-
ular or time series not enough long to provide statistically significant
conclusions on the change of the biomass, size distributions of the
fish assemblage in the close vicinity of the MPA, especially due to
the great connectivity of this area with outside channels and the small
size of the protected area. Acoustic approaches should be appropriate
for MPAs monitoring because of their non-intrusive characteristics,
and of their high-resolution data acquisition in such a highly variable
environment. But they ought to be complementary to traditional sam-
pling techniques in estuarine environments [55-57]. The Bamboung
fish assemblage is unusual for an estuarine environment, because
there are no species of continental origin: Fresh water comes only
from rain and some resurgence and not from fluvial sources. In this
particular context, the estuary and the mangrove play their nursery
role [58], and the population was dominated by marine-estuarine and
estuarine-marine species. Strict estuarine species were poorly rep-
resented and therefore the stable part of the population was weakly
represented. This implies that even without a strong variability of
the environment, the population itself will undergo strong seasonal
variations due to ontogenetic migrations. The seasonal cycle in the
Bamboung tributary can be outlined as follows [47]:

End of rainy season: Entry of juveniles of marine origin causing a
high abundance increase of small individuals. This leads to a higher
specific diversity and to a decrease of the mean sizes.

End of dry cool season: Recruitment inside and outside the MPA
continues along with the juveniles grow. This leads at this season,
to an increase of the abundance, and to a peak of biomass and mean
sizes.

End of dry warm season: Species are mainly in a phase of matu-
ration, and start to leave the tributary to get into the marine envi-
ronment. Biomass and abundance of the marine species strongly de-
crease; the mean size of the assemblage decreases also compared to
the end of the dry cool season.

The assemblage from marine origin has a strong influence on
this cycle, it produces an inter-season variability as a large amount
of these species leaves the tributary for reproduction, and permanent

species are scarce. This effect can be observed differently depending
on the estuaries, but is highly significant in the case of an atypical
estuary such as the Saloum, resulting in important biomass exports
which may hide the positive effects within the MPA.

Our observations were consistent with such trends. Nevertheless
to ensure reliable and statistically significant measurements, in order
to follow the variations of biomass and size structure indicators in
such variable environments, a precise application of a standard pro-
tocol is essential. Thus, any variability due to the experimental proto-
col is contained. The standard protocol is defined by the acquisition
procedure, but is also constrained by the environmental conditions.
In addition to the disturbance caused by boats, other parameters may
cause variability such as the seasons [26], the effects of brightness
or tides [59]. It is necessary to overcome the variability caused by
these parameters by performing the surveys in strictly similar envi-
ronmental conditions. When patterns are well described, it is later
possible to focus on one or two periods of the year. Moreover, in
such estuaries, tributaries are in connection with each others. As a
complement to surveys, the migrations inwardly and outwardly from
the protected areas, should therefore be accurately studied, to clarify
the trends observed for the fish assemblage. Fixed transducers could
be set at the entrance of the tributary, coupled with environmental
probes (temperature, light, turbidity) and flow meters, to analyse the
migration rhythms between the main channel and the protected area.
In order to overcome the avoidance phenomenon, it could be added in
the monitoring protocol of MPAs, data acquisition at moored stations
during day and night [26]. It could provide a better understanding of
the behaviour of fish populations, increase the number of individu-
al TS, and so improve the understanding of ecosystem functioning.
In the same way, to extend observations Unmanned Vehicle (UVs)
technology which is developing rapidly can improve data collection
[60,61]. It seems absolutely necessary to perform a prior assessment
of the environment, in areas that are planned to be closed for protec-
tion, in order to define and to perform a proper survey protocol. For
this purpose and even, upstream of it, a whole study of the biological
information on targeted species, physical information’s on hydrody-
namics, bathymetry, etc. must be done [62], and the method of map-
ping fish habitat [63] for example may support the choice of the areas
to be protected. Then some remote sensing measurements of environ-
ment parameters [64] may be useful to define monitoring protocol.
In addition, Moffitt propose to define spatial and time scales used to
evaluate the efficiency of a MPA, in terms of “generation time” and
“dispersal units” (the latter also previously mentioned by Kenching-
ton [65], instead of absolute duration or distance. The scales are thus
clearly related to the concerned assemblages. They indicate also that
the assessment of the efficiency of a MPA by means of a time series
approach provides better results than through an inside/outside com-
parison approach. This may be applicable to the Bamboung situation
facing inside/outside exchanges.

Within the various possible methods, hydro acoustic monitoring
can be a valuable tool to survey MPAs because of its advantage of be-
ing non intrusive, with certain conditions: Apply accurate protocols,
perform a sampling rate in time allowing to get rid of the short term
variability in order to better estimate the long term variability, include
acoustics within a complete environment study, and look for known
fish behaviour patterns over time.
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