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Abstract – Bivalves are important components of benthic marine and freshwater ecosystems throughout
the world. One of the most exploited bivalves used for human consumption is manila clam (Venerupis
philippinarum). In Arcachon Bay (SW France), commercial fishers and scientists have developed a
monitoring survey to estimate clam stocks to assist in implementing a sustainable management strategy. The
survey design that is currently used is based on standard stratified random sampling (StRS). The survey has
been undertaken every 2 years since 2006. Each survey costs approximately €50 000, with funding provided
by ∼20% of the commercial fishers. The survey is quite expensive, given that this resource is managed
mostly at a regional level. In 2016 for instance, the survey was not done because of a shortfall in funds to
support it. Recent studies on survey designs have focused on new developments that allow for higher
statistical efficiency (lower sampling error) coupled with lower survey effort. Among these is the spatially
balanced generalized random tessellation stratified (GRTS) design. The aim of this study is to compare the
performance of the common StRS method with the GRTS design. To do this, we created a semi-virtual clam
population by extrapolating the 2012 field survey results in the whole bay and simulated survey events with
the two designs. We then assessed the two survey designs using three threshold precision levels (5%, 10%
and 20% precision) for the two estimators of interest (biomass and abundance). We recommend the use of
the GRTS design for clam surveys in Arcachon Bay. To achieve the same level of precision, GRTS requires
less survey effort than StRS.
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1 Introduction

Manila clam (Venerupis philippinarum) is one of the most
exploited bivalves in the world and stocks are of concern in
many locations. Because of the interest in the species, many
studies have been carried out. For example, work has been
done with the aim of assessing the geographic spread of these
species (which can be invasive), such as in Poole Harbour in
the UK (Jensen et al., 2004), San Francisco Bay, USA (Carlton
et al., 1990), Venice Lagoon, Italia (Pranovi et al., 2006),
Southern California, USA (Talley et al., 2015) and Santander
ding author: claire.kermorvant@univ-pau.fr
Bay, Spain (Bidegain et al., 2015). Others studies have been
undertaken to focus on factors influencing mortality in Manila
clam stocks (Park and Choi, 2001; Paillard et al., 2004), to
study hyperparasites (Le et al., 2015) and to report ingestion of
microplastics (Davidson and Dudas, 2016).

Despite the number and diversity of studies, there is no
standardized design for bivalve sampling for population
estimates. The studies cited above use different survey designs,
each with different features such as randomized or stratified
designs, quadrats or transect sample units, and once-off data
collection surveys, or ongoing repeated field surveys, etc.
Interestingly, none of these studies has reported problems
caused by the survey design, except for one (Davidson and
Dudas, 2016), which mentioned a potential limit in precision
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from having a small sample size. Many of these studies of
Manila clam use a probability-based design, usually stratified
random sampling (StRS) (James and Fairweather, 1996; Pitel
et al., 2004; Bald et al., 2005; Gray et al., 2014; Gray, 2016a,
b). Others have used expert knowledge rather than a
probability sample to locate sample sites. Sample designs
not based on probability lead to a number of problems
including lack of repeatability and the difficulty in estimating a
valid measure of precision. This could lead to biased estimates
(Albert et al., 2010).

A fundamental reason for design-based sampling is that
the a priori determination of inclusion probabilities allows
for unbiased statistical inference (Särndal et al., 1978;
Thompson, 2012).

In France, Arcachon Bay represents, along with the
Morbihan Gulf, the main Manila clam production area.
Manila clam in Arcachon Bay have been studied since the
1990s to provide information on the species predators,
mortality for species management (Robert et al., 1993), and to
identify suitable areas for Manila clam harvesting in the Bay
(Robert et al., 1993). Later, after abandoning the culture and
installation of clams in the bay (Auby, 1993), studies have
been more oriented towards pathology (De Montaudouin
et al., 2000) and, starting in 2003, stock surveys (Caill-Milly
et al., 2003).

Today, monitoring of the fishery stock is a co-manage-
ment approach between commercial fishers and scientists.
Surveys have been undertaken every 2 years since 2006 The
surveys are conducted to assess selected indicators (densities,
total number of clams expressed in number and mass, size
structure, etc., for details, see (Caill-Milly et al., 2006, 2008;
Sanchez et al., 2010, 2012 2014)) of the current stock and to
detect any changes in these indicators over time. This
information is the basis for adaptive management measures
(e.g. issuing licences, defining protected areas, and identify-
ing periods of no fishing). As there is no quota defined for this
fishery, catch control can be made through the number of
licences issued. If the indicators show a decline in the
population, this number of licences is subsequently revised
downward. Other options are to impose periods when fishing
is banned, and extending any protected areas. In this last
example, accurate spatial data are mandatory for the choice of
the protected areas, for example to select areas with sufficient
densities, and containing a large proportion of adults.

A major concern with this last monitoring survey is that it
is time-consuming (approximately 500 sample stations are
visited on each survey) and costly, although the aim is to keep
the biennial survey costs under a threshold of €50 000.Without
the support (financial and in kind) of the commercial fishers,
ongoing surveys are not assured. This indeed happened in 2016
and no surveys were undertaken. This lack of a survey in 2016
present new problems with reporting on the fisheries stock
because there is no longer an unbroken time series of the stock
status indicators to use in assessing population management
measures. The Arcachon Bay monitoring survey is of
particular importance because the clam population shows
lower fitness compared with other French sites
(De Montaudouin et al., 2010, 2015). Therefore, it is very
timely and even necessary in this context to consider
alternative monitoring survey designs that are less costly
but do not compromise survey precision.
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To monitor the state of the stock, the StRS method has been
used for the Arcachon Bay’s clam monitoring (Caill-Milly
et al., 2003, 2006, 2008; Sanchez et al., 2010, 2012, 2014)
because it is viewed as the more powerful among classical
sampling designs using strata. This survey design has already
been used in the Morbihan Gulf (Berthou et al., 1997) and has
provided information that has been accepted by both the
science and fisheries communities. The main disadvantage of
this design is that sometimes areas of the bay are not surveyed
because there is no explicit spatial structure imposed on the
sample locations within strata (Stevens and Olsen, 2004;
Christianson and Kaufman, 2016).

Given these well-known caveats and weaknesses of StRS,
new spatially balanced sampling designs have been developed
for monitoring ecological resources (Stevens and Olsen, 2004;
Robertson et al., 2013; Brown et al., 2015). This presented an
opportunity to review the use of the generalized random
tessellation stratified (GRTS) spatially balanced design as an
alternative to the current StRS used in the Arcachon Bay clam
monitoring survey.

Survey design starts with setting targets for total effort and
desired precision of the survey estimates; priority can be given
to either maximize precision or minimize total effort (Guillera-
Arroita et al., 2010). To formulate a survey design, the
sampling practitioner must be aware of the trade-offs among
objectives (Stehman and Overton, 1994), indeed, no survey
design will be ideal for all purposes (Kenkel et al., 1990). For
example, James and Fairweather (1996) explained that overly
small sample sizes will not provide precise descriptions of
beach macro-fauna species because the survey may fail to
consider all sources of uncertainty, confounding large- and
small-scale variation.

In this paper, we assess clam monitoring survey perfor-
mance in Arcachon Bay, contrasting two survey designs: StRS,
the current design, and GRTS. Using a semi-virtual population
created from the results of a real survey (2012), we compare
the performances of these two survey designs in terms of
precision and survey effort. Finally, we estimate the impact of
differences in sample size on the overall survey cost.

2 Materials and methods

2.1 Studied species description: biological and
ecological aspects

Three different clam species are found in Arcachon Bay:
the cross-cut carpet shell (Tapes decussata), the golden carpet
shell (Paphia aurea) and the Japanese carpet shell (V.
philippinarum) (Bertignac et al., 2001). V. philippinarum,
also called “Manila clam”, is the most abundant species among
them. It can tolerate salinities from 15 to 50 g L�1 (Le Treut,
1986), but their growth is highly determined by temperatures
and trophic resources (Melià et al., 2004; Tamayo et al., 2015).
Other environmental factors can also have an impact on growth
and survival, such as turbidity, immersion time, sedimentary
characteristics, dissolved oxygen concentration and parasites
(Goulletquer and Bacher, 1988; Soudant et al., 2004; Gosling,
2008). With V. philippinarum, growth does not stop during
winter, unlike the other two species. This capacity allows
Manila clam to reach an exploitable size very quickly (3 or 4
year) and makes this species cost-effective to harvest
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Fig. 1. Survey site, Arcachon Bay, France, divided into 17 strata (A, B... RIO... Z3).
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(Le Treut, 1986). Research on the Arcachon Bay clams
highlights a growth deficiency above 32mm (Caill-Milly et al.,
2012). This is not the case in other French or foreign
production sites (Dang, 2009; Caill-Milly et al., 2012). Manila
clams are sexually mature from 20mm and can reproduce
several times a year.

Manila clams’ natural habitat comprises the medio-coastal
fringe of sheltered bays, estuaries and river mouths. They
favour areas with low swell and preserved areas which create
frequent water renewal (Le Treut, 1986). Manila clams are
benthic bivalve and live buried in the soil at a variable depth of
7–12 cm, depending on size and season, with the adults living
deeper than juveniles. The environmental conditions such as
regularity and duration of water flow, temperature, and the
thickness and porosity of sediments have a direct influence on
this clam micro-distribution (Olu et al., 1996). Earlier, Walker
and Tenore (1984) found that Manila clam density varies
widely depending on sediment sub-substrates. Their results
match the ecological preferences of clams found by Tamura
(1970), who cited an ideal living environment composed of
20–60% sand and 20–30% mud.

Manila clams have an aggregative type of spatial
distribution (Kalyagina, 1995). This has been confirmed by
many studies which also emphasized high spatial variability,
regardless of the scale or the method of sampling (Juanes et al.,
2012). This species can have lateral movements reaching 6m
per month (Tamura, 1970). Its vertical distribution within
sediment varies between year’s periods and depends on
individual age: juveniles are found near the surface whilst
adults dwell at depth ranging between 7 and 12 cm, the latter
being the maximal burrowing depth known so far (Le Treut,
1986).
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2.2 Study area: the establishment of a survey design
2.2.1 Objectives

Manila clam production in Arcachon Bay is important,
with more than 500 T produced per year (Sanchez et al., 2014).
In 2016, 41 commercial fishers depended directly on this
harvest. In addition to this commercial activity, recreational
exploitation of the Manila clam resource in Arcachon Bay
takes place. Management strategies such as limiting the
number of licences and established no-fishing protected areas
have been used since 1996 to reduce over-fishing. To measure
the impact of such management strategies, commercial fishers
and scientists rely on information from stock assessments.

2.2.2 Study area: environmental characteristics

Arcachon Bay is a 156 km2 semi-sheltered lagoon in the
southwest French coast (Fig. 1). Mostly composed of intertidal
flats (110 km2 within the inner lagoon), this mesotidal system
has a sediment composition ranging from mud to muddy sand
and is colonized by extensive sea grass meadows of Zostera
noltei (Auby and Labourg, 1996; Kombiadou et al., 2014).
Influenced by external neritic waters and continental inputs
(Dang, 2009), the bay has a semi-diurnal macro-tidal rhythm.
Temperature and salinity gradients within the bay are
controlled by these water mass characteristics as well as by
slow tidal water renewal (Bouchet et al., 1997; Plus et al.,
2006). The Manila clam population is primarily located in an
arc from west to south within the bay on its east side, in an area
covering ∼50 km2.

The primary area of location of V. philippinarum was
divided into strata based on expert knowledge (fisheries
f 11



C. Kermorvant et al.: Aquat. Living Resour. 2017, 30, 37
scientists and commercial fishers). Each stratum represents an
area that is as homogenous as possible (Yoccoz et al., 2001;
Zhao et al., 2016) (Fig. 1) in terms of hydrology, sediment
particle size characteristics, current patterns. This stratification
was chosen because these factors were considered to be the
most relevant for partitioning the spatial distribution of Manila
clam. The stratification was mapped in the initial monitoring
survey. Over time new strata in adjacent areas have been
added, while some of the original strata are no longer sampled.
In 2014, there were 17 strata in the survey. Previous to this
there were 14 strata (from 2003 to 2006), 16 strata (from 2008
to 2010) and 19 strata in 2012.

2.3 Monitoring surveys: classical methodology and new
approach

The current survey design involves sampling at high tide
using a Hamon grab aboard a professional boat. The Hamon
grab is the recommended tool for sampling benthic macro-
fauna from coarse substrata (Le Treut, 1986). It is regularly
used on rough ground (Kingston, 2009) and works well for
sampling at the depth the Manila clam is buried at. Manila
clams live buried at a mean of 12 cm of depth and the grab
collects a sediment core of 0.25m2 (0.5m� 0.5m) on a 0.2m
depth. For this study, we will suppose that the sampling gear
does not involve sampling bias. The core samples are filtered
on board with running water over a set of three sieves with 2, 1
and 0.5 cm mesh size. All specimens of Veneridae are sorted
and identified. Counting andmeasurement (to the nearest 1mm
using a slide calliper precision) are undertaken on board or in
the laboratory, depending on the year.

Surveys have been performed every 2 years since 2006 in
late spring (and was undertaken every 3 years between 2003
and 2006) (Sanchez et al., 2012). The whole field survey,
including prior requirements, typically takes 18 days. The
survey effort is 10 stations per km2 (each sample station being
identified by its geographic coordinates). Stations are
randomly located within each of the strata. This gives a
proportional stratified sampling, with a survey effort propor-
tional to the strata surface size.

Stratified sampling is one of the most used designs in
ecology. StRS is one of the most commonly used survey design
in ecology, due to its ease of use and its flexibility. Additional
samples can be easily added at the survey design a posteriori.
The StRS technique involves dividing the study area in strata
then randomly sampling within each stratum. For a better
performance, individual stratum are created to be relatively
homogeneous (Yoccoz et al., 2001; Zhao et al., 2016).
Recently, there have been a number of new spatially balanced
survey designs that are becoming more popular (e.g. Stevens
and Olsen, 2004; Robertson et al., 2013; Brown et al., 2015).
One of the first spatially balanced designs was GRTS, designed
for environmental monitoring over the long term and at a large
scale (Stevens and Olsen, 1999, 2003, 2004). The spatial
balance provided by the GRTS design addresses a major
disadvantage of StRS for our population. With GRTS, no
sample station will be excessively far from another station (in
this, it resembles but surpasses the systematic sampling
strategy) and very few stations will be extremely close to
another. Importantly, GRTS is known to have high efficiency
compared with other designs. As with StRS, the main area can
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be divided in strata but the main difference is that GRTS use an
algorithm for spatial balance instead of a simple random
process.

GRTS has been used in several studies. For example, it has
been used to determine bull trout (Salvelinus confluentus)
population status through counts in basins of the Columbia
River Plateau in the USA (Jacobs et al., 2009) and to develop
ArcGIS tools via a forest biodiversity survey in a case study in
Hunan Province, China (Li et al., 2012). Here, we illustrate the
use of GRTS, and provide a comparison with StRS for bivalve
surveys.

2.4 Methodology for comparing two survey designs
and choosing the best way to sample the clam
population

The performances of both the GRTS and StRS were
evaluated using estimators of total abundance based on the
hypothesis of a known population (virtual one) of Arcachon
Bay Manila clams.

The survey design comparison followed these classical
steps: (i) the studied variable distribution was considered to be
known in the population; (ii) samples were selected from this
population with both designs and results compared.

2.4.1 Building the Arcachon Bay clam population

In this study, a single-year dataset was used (2012), but this
methodology can be applied to the five other datasets (2003,
2006, 2008, 2010 or 2014).

The spatial distribution of clam abundance (expressed in
number per 0.25m2) and biomass (expressed in grams per
0.25m2) was estimated for the year 2012 from survey data. We
used geostatistical analyses and a kriging technique from the
RGeosta ts library (Renard et al., 2014) in the R environment (R
Core Team, 2014) to create a semi-virtual population of clams.
The analysis had the following steps: (1) exploratory data
analysis; (2) variography analysis with adjustment of a model to
the experimental variogram (nugget effect and isotropic
exponential model) and (3) global assessment and associated
variance.The implemented interpolationmethodusedwasblock
kriging model with a 200m sliding neighborhood. This
methodology created a model (usually a smoothing model) to
build a complete semi-virtual population. It used the observed
clam data from the sample sites to “fill in” themissing data from
the sites that were not sampled. Figure 2 presents the virtual
populations created for clam abundance and biomass. The
kriging settingswere chosenaccording to expert knowledge, this
could bring some bias in results. But as the same semi-virtual
population is used to assess the performance of both survey
designs we decide to not take it into account.

2.4.2 Performance assessment: the optimal number of
sample stations per design and the corresponding
precision

We decided to compare the two survey designs in terms of
the optimal number of samples within each stratum which is
directly linked to the cost. Here, we define the optimal sample
size as the minimal number of samples that need to be collected
in each stratum to achieve the desired precision of the clam
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Fig. 2. Semi-virtual clam populations for abundance (a) and biomass (b) parameters and associated standard deviation (c and d).
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population estimate. To determine this, selection of the GRTS
and StRS points was performed by using a statistical sampling
methodology with the “spsurvey” and “sp” packages in R
software, respectively (Pebesma and Bivand, 2005; Bivand
et al., 2013; Kincaid and Olsen, 2015).

MacKenzie (2006) defines Accuracy=MSE=varianceþ
bias2. As StRS and GRTS are probabilistic survey designs, every
sample has a known non-zero probability of selection, leading to
unbiased estimates of themean and variance (and their confidence
interval) for variable of interest (Albert et al., 2010).Also, bias can
be consideredasnullwhen the sampling is repeatedmany timeand
thus accuracy become synonym of variance.

The steps to determine precision of estimations by survey
design and then compare their performances were as follows:

Step 1: For a given size n (n= 1, 2, 3, ..., N) of sample
stations within each stratum, we took 1000 different samples
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for GRTS and for StRS. Each sample at the given survey effort
is called a replicate. The same number of stations, n, was
chosen within the stratum, first using the StRS design and then
the GRTS design.

Step 2: For each replicate sample j (j= 1, 2, 3, ..., 1000), at
each level n of survey effort, the mean biomass and mean
abundance were estimated, and the confidence interval (95%)
of the estimated mean biomass and the estimated mean
abundance were computed. The width of the confidence
interval and the relative precision of the estimators of the two
designs were calculated as:

ejn ¼ 2z � sjnffiffiffi
n

p ;

where z is the quantile of the standard normal distribution (1.96
for a 95% confidence interval) n is the survey effort within the
f 11



Fig. 3. Methodology used to assess the performances of StRS and
GRTS on Arcachon Bay manila clam population.

Fig. 4. Examples of sampling plans with 15 sample units per stratum
for the stratum S6, Z1 and G using (a) StRS design and (b) GRTS
design.
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stratum and sjn is the standard deviation of the within-stratum
sample with a sample size of n for replicate j. Then, for each
replicate j, the precision was calculated as:

Pjn ¼ ejn
xjn

� 100;

where ejn is the confidence interval width and xjn is the
estimated mean (biomass or abundance). The overall precision
for the stratum for the sample size n was calculated as the
average of the 1000 estimate of precision:

Pn ¼
P1000

j¼i Pjn

1000
:

Step 3: The sample effort was varied within the stratum
until three levels of nominal precision for biomass and for
abundance (Pn= 20%, 10% and 5%) were achieved for the two
survey designs. We defined this as the optimal sample size per
stratum for a given level of precision. As there was a difference
in the optimal size for estimating biomass compared with
abundance, we selected the larger of the two sample sizes as
the value for the corresponding stratum.

Step 4: Comparison of the two methods was carried out
using statistical tests and by comparing the optimal sample
sizes. We calculated paired Wilcoxon tests to evaluate the
significance of the differences in the optimal sample sizes of
the GRTS and StRS methods for the different precision levels.
Tests were conducted with the R software, “stats” package (R
Core Team, 2014).

This methodology is summarized in Figure 3. Back to a
practical point of view: assessment of monitoring cost
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We based our calculations on the 2012 field survey budget
to assess the survey costs. The survey cost was decomposed
into two parts: a fixed cost (the costs of meetings to prepare the
survey, material, data treatment, meetings to present the results
to the commercial fishers and administration, etc.) and a
variable cost which depended on the sample size (the costs of
boat and grab rental, participation costs of scientists and
commercial fishers, etc.). We estimated the fixed cost to be
€12 000 and the cost of one sample was approximately €80.We
assessed the overall cost of the simulated designs as follows:

Surveycost ¼ fixed costþ number of samples � 80:
3 Results

Three main outcomes are presented: a map of GRTS and
StRS applied in the same strata to visually observe the
differences in their survey plan, then a comparison using the
optimal sample size and finally a comparison using the field
price.

3.1 Visually comparing the designs

To compare the spatial distribution of the two survey
designs, we show (Fig. 4) an example of plans obtained from a
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Fig. 5. Optimal sample size estimated for the StRS and GRTS designs
by stratum surface with three precision thresholds: (a) 20%, (b) 10%
and (c) 5%. Δ = actual number of stations surveyed during the 2012
campaign; ■ = estimated optimal sample size using StRS, □ =
estimated optimal sample size using GTRS.
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single StRS and a single GRTS survey, with the same survey
effort of 15 samples in three strata (G, Z1 and S6). In this part,
only one random sample was used for both designs and
mapped.

The two survey maps illustrate one important feature of the
benefit of GRTS, which is that it will always produce a sample
that is well-balanced, and with more complete spatial
coverage. In Figure 4a, there are noticeable clusters of sample
points and areas devoid of samples. With GRTS (Fig. 4b), there
is more consistent or even coverage of samples, without having
a fixed regular pattern of sample points. In Figure 4b the
sample points still appear to be randomly located without
either extreme regularity or extreme clustering.
3.2 Comparing the optimal sample size of each
design

The optimal sample sizes for the three levels of precisions
for estimates of biomass and abundance for each stratum are
displayed in Figure 5.
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The optimal sample size for GRTS and StRS appears to be
unrelated to the size of the stratum. The most prominent feature
of the graphs in Figure 5 is that fewer samples were needed
with GRTS than with StRS to achieve the same level of
precision. The difference in the optimal sample size for GRTS
compared with StRS was most pronounced for the more
precise surveys (Fig. 5a). The differences in the optimal
sample size between GRTS and StRS for the different levels of
precision were all significant (Tab. 1).

3.3 Comparing the survey costs of the designs:
highlighted issue

We used the optimal sample sizes for the three target
precision levels described in the previous section to estimate
the total survey costs (Tab. 1). The total sample size for GRTS
and StRS was estimated from the sum of the individual strata
observed using the optimal sample size (Tab. 1). The 2012 total
sample size and cost are also shown.

Given the reduced number of sample points for the same
level of precision, in our study, GRTS always costs less than
StRS. Further cost savings can be made by reducing the
targeted precision level; for example, at 5% precision with
GRTS, the total cost of the survey would be €50 000 and half
that cost if only 20% precision was acceptable. Interestingly,
even with the highest level of precision we used (5%), the cost
of the total GRTS survey would be less than that of the 2012
survey.

4 Discussion

Monitoring survey designs should be designed to
accommodate the end-users’ requirements for precision or
performance of the survey results, and the cost budget (Yoccoz
et al., 2001; MacKenzie and Royle, 2005; Guillera-Arroita
et al., 2010; Moore andMcCarthy, 2016). In practice, this often
translates to questions such as the allowed or permissible
maximal imprecision, and the maximum allowable survey
cost. For these fisheries, these two requirements are both
priorities. In 2016 and 2017, for example, the clam survey did
not occur in Arcachon Bay because the commercial fishers
could not afford it. Therefore, there is some urgency to find a
more cost-effective design where the survey results have
enough precision to be able to contribute to the clam
management strategy.

We have developed a methodology to assist commercial
fishers to test design surveys. The desired level of precision for
the survey can be set along with a variable cost component.
The use of a simulation study allowed us to test a panel of
different levels of precision and compare two survey designs.
This simulation approach has been used in many other studies.
For example, simulations were used in an instrument-based
survey to evaluate alternative survey designs for Arctic marine
mammal populations (Conn et al., 2016) and to optimize
animal detection given the breeding behaviour and logistical
access for threatened species (Lanier et al., 2016). We found
only a few simulation studies using regional-scale populations.
For example, Ene et al. (2016) compared the performances of
above-ground biomass estimation methods at a regional scale.
Our study demonstrates the use of a simulation method to
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Table 1. Estimated optimal sample size and estimated survey costs for 5%, 10% and 20% level of precision with StRS and GRTS. Optimal
sample size is computed for each stratum separately, values for the two survey designs are then compared with paired Wilcoxon test.

Precision Wilcoxon tests Overall sample sizes Survey costs (�1000€)
Test statistic (V) P-value Actually = 525 Actually = 53

StRS GRTS StRS GRTS

5% 0 <0.001 955 481 76 38

10% 0 <0.001 493 281 39 22
20% 0 <0.001 248 167 20 13
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assist in designing a survey of a benthic lagoon population. In
addition, Defeo (2011) pointed out the paradox that in
reactions to the environment, the structure of regional
populations as well as their dynamics are among the most
poorly understood; however, commercially exploited bivalve
populations should be relatively easy to study (located close to
the shore, no or limited animal movements). Our study
provides a method to implement or optimize field studies and
surveys. We cannot deny that some bias can occurs between
the real population and the semi-virtual population we
simulated. This bias can be due to the choice of kriging
parameters and to gear efficiency during field sampling.

This study demonstrates that for clam population
monitoring surveys in the Arcachon Bay, GRTS should prove
more efficient than the current survey design (i.e. StRS). We
observed in our study that the cost advantage of GRTS
compared with StRS increased as the desired level of precision
increased (where 5% precision is higher than 10% precision,
etc.). In our simulation results, the relative similarity in
optimum sample size across different sized areas may be a
result of different patterns of spatial autocorrelation in different
stratum, a topic to be considered further. It seems that the total
area of the stratum had less effect on the precision than the
heterogeneity of the clam population within the strata. Indeed,
the optimal sample size defined by our methodology is a fixed
minimal in each stratum. However, we caution that this finding
is for this study only, where there is high heterogeneity in clam
distribution, irrespective of the size and location of the strata. It
is possible that each stratum includes parts with very high clam
abundance and others without clams despite the best efforts to
delineate homogeneous areas. This hypothesis is based on
previous bivalve studies which found that clams often are
patchily distributed (e.g. Kalyagina, 1995; Armonies, 1996).

Surveys for populations with high heterogeneity are an
ongoing area of research. For example, McGarvey et al. (2016)
suggested that systematic survey designs are superior to
random designs for clustered populations, and Christianson
and Kaufman (2016) highlighted that estimates of heteroge-
neity can be obtained with a well-chosen survey design. It
seems important to have an idea of the heterogeneity and the
aggregation of the studied variable or population in order to
choose an appropriate survey design. However, complex
designs such as GRTS have not been tested yet in benthic
populations in a lagoon area. This hypothesis of non-
homogeneous clam distribution in Arcachon Bay will be the
subject of a future study.

The applied issue highlights that even if GRTS surpasses
classical StRS in terms of requiring a smaller total number of
samples, it is important to keep in mind that having more
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samples in both designs led to better precision in the clam
population estimation. Countering that, having more samples
leads to higher costs. Alternatively, relying on fewer samples
involves a loss of precision but produces a substantial
reduction in total survey costs. Comparing the simulated
studied designs results and the actual precision from this field
survey is not an easy task considering that this field survey use
a proportional to the strata surface size survey effort and so
achieve different precisions for each stratum while, in the
simulated study, the achieved precision is the same for all
strata.With the 2012 clam survey in Arcachon Bay, some strata
had very good estimated precision (2.5%) but others were far
worse (∼50%). We could average these values but this would
hide this heterogeneity. Another issue with the current field
design is that in the smallest strata, and because the number of
sample stations is chosen proportional to the size of the
stratum, there are too few stations to calculate a reliable
estimate of within-stratum precision. Conversely, in the largest
strata, proportional sampling results in very high survey effort
with only a marginal benefit in precision. Our proposed
methodology reveal that with more constant effort among
strata we should improve the estimation of precision, and
standardize precision across all strata in the Arcachon Bay.

The final decision of which survey design should be used in
future surveys is for the commercial fishers to decide. The
applied issues highlight that commercial fishers have to make a
choice between overall survey cost and precision. The trade-
off is the following: the survey cost can be lowered but it will
reduce precision, or the survey cost can stay as it was with a
gain in precision.
5 Conclusion: perspectives

Our simulation study suggests that GRTS would be more
efficient than StRS (based on the 2012 clam survey). We
assume that the Manila clam population shows some spatial
heterogeneity in their distribution within Arcachon Bay. It is
also possible that some temporal heterogeneity may exist.
These aspects will be tested in the near future by using our
methodology to include other years of the monitoring survey
(2003, 2006, 2008, 2010 and 2014) (Caill-Milly et al., 2003,
2006, 2008; Sanchez et al., 2010, 2014). After conducting this
work, the most appropriate design will be discussed with the
stakeholders and the recommended sample size for each
stratum will be set for future surveys, the next one being
scheduled for 2018.

This first study confirms the possibility of improving clam
monitoring. GRTS appears to be an efficient survey design that
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should be used instead of StRS.We note that sample design is a
rapidly evolving field of science and other advanced spatially
balanced designs have already been described, despite limited
field testing (e.g. Robertson et al., 2013; Brown et al., 2015).
We will watch this emerging area of research for more ways to
improve clam monitoring.
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