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Abstract :

Funding lake is one major issue in ecology, in particular at local scale. It is known that sustainable
management of a natural population requires a good understanding of its functioning, itself dependent
on a good long term monitoring program. Such programs are usually very difficult to implement,
especially for resources characterized by high spatio-temporal variation in their distribution, resulting in
a trade off between efficiency and costs. Today, thanks to rapidly evolving statistical theory, new survey
designs are developed, some with the characteristic of well balancing samples in the study area. This
paper aims at demonstrating that theses advanced sampling designs perform better than the usual ones
for long term monitoring program of local resources, with the added benefices of saving money and also
increasing results accuracy. To prove it, and for it high spatio-temporal variation in it distribution, we
choose the example of Manila clam's stock monitoring in Arcachon bay. This stock is under high
scrutiny and last campaigns could not be done because of lack of funding (at least 50,000€/survey). We
use a simulation study based on real data to assess and compare performances of news and older
sampling designs on this survey. Three sampling designs are tested in both of the 6 past monitoring
campaigns data and we estimate the cost of their application in the field. Selected sampling designs
are: 1 - simple random sampling (SRS - the one used in the past years of this monitoring program), 2 -
generalized tessellation sampling (GRTS - a recent spatially balanced sampling design known for its
high performance) and, 3 - balanced acceptance sampling design (BAS - a newly developed spatially
balanced sampling design, never tested yet in a real population). We first confirm that the two spatially
balanced sampling designs perform better than simple random sampling. Both of the advanced
sampling designs perform equally and allow achieving same accuracy in the results with almost half
sampling intensity than SRS. This makes them so cost-effective that 30% of each campaign price could
be saved if they were used. Moreover, the three sampling designs need a constant sample size thought
years to achieve a fixed accuracy in results. This will permit us to fix one sample size that could be done
for all future campaigns; and this, despite the existence of spatial and temporal variations in clam's
distribution.
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Highlights

» Long term monitoring program at local scale are mandatory for resource management but often too
expensive to undertake. » For the example of manila clams resource in Arcachon bay, each campaign
price can be lowered by 30% only in using spatially balanced sampling design instead of simple random
sampling. » More than lowering the survey price, wanted accuracy in the results can be fixed a priori.
» BAS sampling design, never compared to other sampling designs in real data previously perform

very well.

Keywords : Arcachon bay, Balanced acceptance sampling, Spatial sampling, Spatial variation,
Temporal variation, Virtual ecology



1. Introduction

Most of ecological studies involve spatial or temporal data, even both of them. But performing an
exhaustive survey of any phenomenonis almostimpossible or may prove to be tricky (Chiarucci et al.
2003; MacKenzie 2006) because of time (Cox et al. 1997) and/or money lack (Theobald et al. 2007,
Jackson et al. 2008; Lazarina etal. 2014). The common practice for dealing with this problemistrying
to inferthe targeted phenomenon on the basis of samples from the original population (MacKenzie
2006). Results of theses sampling procedures are more and more accurate when sample size
increases. But the sampling procedure costs increases also according to the sample size. There is a
trade-off between the results accuracy and the cost of the survey. A good resource management
involves a good knowledge of the population of interest, and also accurate results in sampling
procedures. But, when it comes to reality, especially at local scale, funds devoted to ecological
studies are usually unsubstantial and far from being large enough to get accurate estimates. In this
study, we want to illustrate that local scale long term monitoring program could be optimised
(meaning in the context of our study being less expensive but providing a better accuracy) only by
changingthe survey design. In this respect, we choose to apply our methodology on manilaclam long
term monitoring in Arcachon bay.

Manila clam (Venerupis philippinarum) is one of the five highest produced bivalves in the world
(Astorga 2014) with4 010 702 T producedin 2014 (source : Fao FishStat). Itisworldwide presentand
economicallyimportant for fisheries industries. In many countries, bivalve s are harvested for food
and baits (MclLachlan et al. 1996). But stocks are of concern in many locations. Numerous studies
around the world on natural populations were undertaken with the aim to assess the geographic
spread of this species (which can be invasive), in Poole Harbour in UK (Jensen et al. 2004), San
Francisco Bay (Carlton etal. 1990), Venice Lagoon (Pranovi etal. 2006), Southern California (Talley et

al. 2015) and in Santander Bay, Spain (Bidegain etal. 2015). Other studies were carried out to further



understand the influence of factors associated with mortality in manila clam stocks (Park and Choi
2001; Paillard et al. 2004; Dang et al. 2009, 2013), to study hyperparasites (Le et al. 2015), and to

report micro plastics ingestions (Davidson and Dudas 2016).

Arcachon bay is a 156 km? semi-sheltered lagoon located in the southwest coast of France. It
represents, with the Morbihan Gulf, the main manila clam production area for this country. Manila
clams are studied in Arcachon bay forthe purposes of following descriptors of the stock, assessingits
status and proposing an adapted management plan of this resource to the fishermen (co-
management process between scientists and professional fishermen). Not only fishermen request
and orderthe survey but they also help scientists during field procedure; in turn, scientists suggest
improved management solutions to fishermen.

The first survey was undertaken in 2003 (Caill-Milly et al. 2003) and subsequently carried out every
two years since 2006 (Caill-Milly et al. 2006, 2008; Sanchez et al. 2010, 2012, 2014). A stratified
random sampling (StRS) was applied on 17 strata, with a sampling effort of 10 stations per km? (this
sampling effort is an empirical compromise between field expertise, biological information and
available fund); each sampling station being identified by their geographic coordinates. A major
concern with this monitoring survey, given that sampling effort, is that it is time consuming
(approximately 500 sample stations are visited on each survey) and costly, although the aimis to
keep the survey costs under a threshold of 50K€. Without the support (financial and in kind) of
fishermen, ongoing surveys are not assured. This indeed happened in 2016 and 2017 when no
surveys were undertaken. This lack of data in 2016 and 2017 rose new problems, both for statistical
and management reasons, because it broke the time series of stock’s status indicators and impeded
sustained effort in identifying population best management measures (e.g. restricted harvesting
areas and periods, limited licenses number). Indeed, the Arcachon Bay monitoring survey is of
particular socio-economical importance; for example, on the socio-economical point of view, there

were 70 manilaclam’s professionals fishermen in 2016 (source: IFREMER personal communication).



Therefore ithasbeen crucial and urgent to consider alternative monitoring survey designs that will

be less expensive without jeopardizing accuracy of estimates.

Clams are spatially structured species, patchily distributed in their living area (McLachlan et al. 1996;
Dugan and Mclachlan 1999; Defeo 2003; Denadai et al. 2005) and this pattern makes them
challenging to sample (Gray 2016). Formers monitoring programs results in Arcachon bay confirm the
patchy spatial structure of manila clams in this area, but also highlight a temporal variation of
abundance and biomass between both campaigns (Sanchez et al. 2014). For bivalve distribution
studies, as for the whole ecological studies (Smith et al. 2017), there are only few papers which
indicates the used sampling design. Some of them use systematic design (Borja and Bald 2000; Bald
and Borja 2001, 2005) and other random survey designs transects selected randomly in space and
time (Wekell et al. 1994). For studying distribution of intertidal macrofauna including bivalve on
beach, nested survey design with transects was also applied (James and Fairweather 1996). Stratified
version of simple random sampling design was used for bivalve in the French Normano-Breton Gulf
(Pitel etal. 2004), in Arcachon bay (Caill-Milly etal. 2003), in Morbilhan gulf (Berthou et al. 1997) and
for exploited bivalve in the swash zone on exposed ocean beaches (Gray et al. 2014).

It was proved recently that some sampling designs show better performance for clam’s studies
(Kermorvantetal.2017). Here, we define sampling design’s performance as the minimum sampling
intensity needed by a samplingdesigntoreach a fixed accuracy in the results. As generally accepted,
we considerthat the lowestis the sample size for the sampling design, the highest its performance.
Under this acceptation, a previous study based on one year of Arcachon bay’s manila clam data
showed that generalized random tessellation sampling - GRTS (a variant of spatially sampling design)
performs better than simple random sampling (SRS). As it allows obtaining a fixed accuracy with
fewer samples, GRTS proves to be less expensive (and so more cost-effective) to use than SRS
(Kermorvantet al. 2017). This conclusion was raised from a study based on a small dataset, limited
to a one year-survey; itis important to definitely prove that this conclusion is robust and highly

generic, encompassing any kind of spatially balanced design. The first aim of this study is thus to



confirm that GRTS does perform better than SRS for manila clam monitoring despite natural inter-
annual variability. To enlarge the picture, and conclude that any spatially balanced design can do
better, we also aim at assessing performance of anotherspatially balanced sampling design, namely
the balanced acceptance sampling (BAS) recently brought available (Robertson et al. 2013).

Thisis the first time that this new sampling design will be used to optimize a survey, and that it will

be compared with other sampling designs in term of cost-efficiency.

As a corollary, , a second task we aim at bringingto life for practitionerin this paper is to address the
existence of one sampling size by strata that give good estimates of abundance and biomass
throughout a medium-term survey (here six years of manila clam monitoring data). And this, despite
the existence of spatial and temporal variations in clams abundance and effectives. We argue that if
such sampling size exists, it is then possible to propose the better sampling design that could be
appliedforthe future field campaigns and provide managers and fishermen with the answer to the
key question they all ask: how many samples have to be taken by strata to achieve a wanted

accuracy in clam’s biomass and abundance throughout the whole bay?.

Beyond Arcachon bay manilaclam population’s specificities, other local populations throughout the
world have to be surveyed with the same questions and limits (especially in terms of cost). The
ultimate goal of ourstudy is thusto explore transferability of the approach so that other monitoring
programs could be optimised worldwide so that more cost-effective management of local resource

can be made everywhere.

2. Material and methods

2.1. Field survey
The primarily area of location of V. philippinarum in Arcachon Bay was dividedinto 17 homogeneous
strata (fig. 1) from expert knowledge (hydrological, sediment particle size characteristics, currents

patterns, management point of view) (Caill-Milly et al. 2003) as expressed above. 14 strata are



sampled since 2003, two (namely | andJ strata) only since 2008, and one (namely RIO stratum) since

2012.
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Fig. 1. The survey site divided into 17 strata (A, B... RIO... Z3)

The survey gear is a Hamon grab which collects a sediment core of 0.25m? (0.5m * 0.5m) on a 0.2m
depth at the ebb tide. We assume that this measuring tool permits an optimal detection (the grab
keep sediment deeper than the maximal deepness of clam burring). Therefore, it allows detecting

clams distribution in the bay and its space-time variation without sampling bias.

2.2. Datainterpolation:

The point data obtained during previous monitoring campaigns were used to recreate two maps for
each survey year (one of abundance and other of biomass) for the whole bay. Geostatistics along
with the statistical method of kriging, which permits guessing values of non-sampled points from the
knownvalue of their sampled neighbours were applied to the existing database rich of information
on spatial distribution of abundance (expressed in number per 0.25 m2) and biomass (in gram per
0.25 m?) with the following steps:

1) variography analysis and auto-adjustment of a model to the experimental

variogram (nugget effect and isotropic exponential model);



2) geostatistical interpolation of data using the variogram model. The implemented
interpolation method used was a block kriging model with a 200 m sliding

neighbourhood.

These stages were carried out with R Software (R Core Team 2014), using the RGeostats package

developed by the Ecole des Mines of Paris (http://rgeos.free.fr/). Fig. 2 summarizes these different

steps.
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Fig. 2: Example of kriging procedure for biomass in 2010. Top-left - Survey samples positions and
results for biomass, top-right - experimental semi-variogram (non-smoothed line) and modelled
associated semi-variogram (smoothed line), bottom-left - kriging results and bottom-right - standard
deviation associated to the kriging method.

Spatial distribution of abundance were interpolated from the data collected during the six survey
campaigns (2003, 2006, 2008, 2010, 2012 and 2014) for both of the two estimates (biomass and

abundance). These populations are herein called “semi-virtual populations” in the sense they


http://rgeos.free.fr/

representthe real phenomenon with an associated standard deviation and are used to compare the
efficiency of sampling designs.

2.3. The sampling designs to be compared: StRS vs GRTS vs BAS

The basic survey design usedina6 years surveyin Arcachon Bay (stratified simplerandom sampling -
StRS) is compared to two spatially balanced survey designs: Generalized Random Tessellation
Sampling (GRTS) known for its high efficiency, and the recent one Balanced Acceptance Sampling
(BAS) whom efficiency is not fully assessed yet.

SRS

It is common ground that probability based survey designs are not enough used in ecology studies
(Smith et al. 2017), but when used, simple random sampling (SRS) is the most common of them,
certainlydue toits ease of use and its flexibility. Additional samples can be easily added to the survey
design a posteriori. The main disadvantage of SRS is that, sometimes, it exists cluster of samples or
areas devoid of samples in the survey scheme (Stevens and Olsen 2004; Christianson and Kaufman
2016). A recentstudy (Christianson and Kaufman 2016) indeed underlines that random sampling can
have particular spatial arrangement that over- or under-samples certain regions of the studied area
and leadstolargersurvey error. This design can fail to detect spatial patterns so it can be inefficient
for patchily distributed resource study (Yu et al. 2012). A variant of SRS is the spatial stratified SRS
technique (called stratified random sampling —StRS) which involves dividing the study area in strata
and then randomly sample within each stratum. Fora better performance, strata must be created in
orderto be relatively homogeneous amongthemselves (Yoccoz et al. 2001) according to the studied

phenomenon (Zhao et al. 2016).

The relatively new approach of spatially balanced survey designs appears to often create more
efficient, flexible and rigorous monitoring designs (Theobald et al. 2007). Some studies demonstrate
that using a spatially balanced design can be an advantage when the studied variable has spatial
trend (Stevens and Olsen 2004; Theobald et al. 2007; Grafstrom et al. 2012; Grafstrom 2012;

Grafstrom and Lundstrém 2013; Robertson et al. 2013) but none have tested it yet on spatially



structured populations with temporal variations of lagoons areas. Hence, for this study, we choose
GRTS and BAS designs as examples of spatially balanced survey designs.

GRTS

GRTS survey designisan unified survey approach adapted to the environmental monitoring at large
scale and overlongterm (Stevensand Olsen 1999, 2003, 2004). It uses a spatially balanced algorithm
instead of a simple random one. This spatially balanced algorithm orders area statistical unitsinaline
and thenrunsa reverse sequence function before selecting asample with asystematicdesign. When
the selected samples are reassigned to their original place in the area, they are spatially balanced.
This leads GRTS to resemble in some ways the systematicsurvey strategy, despite actually surpassing
it. This survey strategy is a true spatially balanced probabilistic design even if the distribution of
samples is constrained in space. So, it allows design-based inferences to the entire study area. In
addition, it provides the advantages that any point (site) in the target population is not too far from
anothersampling point, and very few sample pointsare found to be close. Itallows freeing from one
of the main disadvantage of simple random survey. As with SRS (and all others designs), the main
area can be divided in homogeneous strata to be individually sampled. GRTS survey was used in
several studies, forexample to determine bulltrout population status through countsin Basins of the
Columbia River Plateau (Katz et al. 2013), or to develop survey ArcGIS tools through a case study of
forest biodiversity survey in Hunan Province (Li et al. 2012, pp. 939-942). In this sense, GRTS is very
relevant when it comes to draw units (sites) sampling of natural resources in the space because it
allowsto select spatially balanced samples. It was recently proved that clam monitoring in Arcachon
bay can be GRTS considerably improved by GRTS in the basis of one-year data study (Kermorvant et
al. 2017).

BAS

BAS is a newly developed spatially balanced sampling design (Robertson et al. 2013, 2017). Itis an
extension of the idea of GRTS where a Halton sequence is used to spread the samples across the

study area. Study on BAS shown thatit achieves alittle betterspatial balance than GRTS, but its main



advantageisthatitis fasterto execute (Robertson et al. 2013) on computer. BAS could also be used
inan area dividedin strata. Very few scientific studies have already used it; one showed that BAS is
superior to SRS in terms of spatial spread and precision on a crab population (Abi et al. 2017). One
report already used a two dimensional BAS to survey bats in Bighorn Canyon National Recreation
Area (BICA) (Keinath and NRA 2016) and show good results. We choose BAS as an example of
spatially balanced sampling because it has the huge extra-advantage to balance the samples in three
or more dimensions (representing for example latitude, longitude and altitude). This ability is
particularly appropriate to monitor natural resources. A three dimensions survey is relevant for
monitoringin waterbodies (integrating deepness), and a four or more dimensions study design will
be able to integrate information such as ecological threats, time intervals, species population
structure, environmental data... (Brown et al. 2015). If we found that BAS perform well for manila
clam’s monitoring program in Arcachon bay with only two dimensions (x and y coordinates), we

could expect that it will perform even better with more dimensions.

2.4. Defining optimal sample size by sampling design

The first sample size which realizes the targeted accuracy is called “optimal sample size”. To remove
all possible hazardous bias in results, we use 1000 simulations of sampling efforts per year, per
stratum and per estimates (biomass and abundance). It means that, for each year, each stratum and
each estimate, 1000 simulations of 1 then 2then 3... then n stations selection were performed for
both sampling designs. Accuracy on the results increases when the sample size increases.

We define then an optimal sample size for the whole bay according to the following steps:

1. For each stratum i and each year j, let note nfj and n‘i“j the optimal sizes for biomass and

abundance respectively. Then keep n?jpt

= max(n‘i“j,ng- which represents the selected
optimal size to study both the biomass and the abundance;

2. Foreachyearj, let n]‘.’pt = Zinf}’t be the total optimal sample size for this year.



To be constant throughout the years, optimal sample sizes per campaign are compared only for the

strata which were sampled all the studied years (thus excluding RIO, | and J strata).

This method allows choosing a level of accuracy that we want to achieve when sampling the semi -
virtual populations. Inthis study, we setthe level of accuracy in biomass and abundance estimates to
10% (- see Supplementary materials for 5% and 20% levels results). So here, the optimal number of
samples will be the minimal number of samples needed by asampling design to achieve at least 10%
of accuracy in biomass and abundance estimates.

Optimal samples sizes are firstly compared by years to detect temporal variation. Autocorrelation
functions (ACF) and partial autocorrelation functions (PACF) are calculated with R software for both
of the sampling designs. They allow toknow if avalue at a t time is correlated to the previousvalue t-
1, and involve detecting temporal correlation in our optimal sample sizes. If these functions show
that there is no temporal correlation in optimal samples sizes obtained throughout the 6 studied
years, this means that the assessed sampling design is able to deal with temporal variation of the
clam distribution. In this case we could set a fixed number of samples to do by years for future
campaigns to achieve 10% of accuracy in results. Secondly, using a non parametric paired Wilcoxon-
Mann-Whitney statistictest, optimal samplesizes are compared between strata to know if there are
differences between both sampling designs results at this scale. Thisinformation tells if one or other
sampling design perform better than the others.

2.5. Optimizing the design and assessing the monitoring cost

To optimize the survey design, itis necessary tofound the number of samples which has to be done
in each stratum during future survey campaigns, aquantity named hereafter “total sample size”. We
consider two alternatives to give the total sample size (both of BAS, GRTS and StRS):
e “meanNopt”:for each stratum, the mean on the six studied years optimal sample sizes are
summed to have a total sample size in the whole bay;
e “max Nopt”:retained total sample size isthe maximal optimal samplesize obtained for each

stratum between the six studied years and sums them.



A total of 1000 simulations are used to assess and compare these two total sample sizes for the
virtual populations (one virtual population for each year of data). This gives the accuracy that would
have been reached if these total sample size had applied in the field since 2003.
The total survey cost (TSC) is defined and computed using two parameters:

e (V) a survey variable cost dependent on the sample size (the costs of boat and grab rents,

scientists and fishermen participation costs, etc.), established on expert knowledge at V=
80 € for this study.

e (F)asurveyfixed cost (the costs of meetings to prepare the survey, material, datatreatment,
meetings to presentthe results to fishermen and administration, etc.), established on expert

knowledge at F =12 500 € for this study.
The overall cost of the simulated designs is then calculated as follows:
(0) TSC =F +nxV,
where nis the numberof samples.
3. Results

Total optimal sample sizes required to reach an accuracy of 10% per year in the whole bay differed
between the assessed designs ; StRS requires almost twice GRTS or BAS optimal sample size for all

the studied years (Fig. 3).
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Fig. 3 : Total optimal samplesize forthe studied years in the whole Arcachon Bay for StRS, GRTS and
BAS designs to achieve 10% of accuracy —Values are given in Supplementary information



BAS and GRTS designs show comparable resultsforannual optimal sample size. Some variations are
noticeable between years butall of them have a comparable optimal sample size with both designs.
Tests of stationarity made on the three time series using autocorrelation and partial autocorrelation
functions (ACF and PACF analysis - see graphsin supplementary materials) indicate that all functions
are stationary. We also conduct kruskal-wallis rank sum test to prove that there are no significant
differences between years for both of the sampling designs. Returned p-values of R function
kruskal.test() {stats} package are always higher than 0.72, indicating no significant differences
between total optimal sample sizes of both sampling designs throughout years. This resultis of major
importance for our intention to optimise the monitoring program. It means that, whatever the
studied year, we can set a total sample size and 10% of accuracy on biomass and number of clams

results will be achieved.

R o B o @R o+ OPE e om
FROPTOBPBEOBRVWO o @
S HOBHOESHODIDROSKO 1
& o & o e B o & Ko s O
pRoWoBHoBROSEKO SN
*E 0 PROBEOo &R o EO B Nn.mgn
o 02RO DK @«
e Bo e o e @ .E“

o O o o O o

J o @ X
ul
g o d HOoOBE OO R e @ .EU
%3]
He a0 e RXOERKo e R0 e Ko e 5
esign
c o & O @Ko e ® O & FOPF o+ om O Bas

F0eHOBKOSROS MO SO 818 e

OO PR o oo RO SO @ ®
o O KO0 &EOPEOBKIO OB
cO@ROGHOIROPHEOBPKO B
P OGROBHEHOPHOGH OGO &
A O0BHODE o OB OBDHRO B

2003 | 2006 | 2008 | 2010 | 2012 | 2014

Fig. 4: Optimal sample size (Nopt) obtained by our methodology for the 17 strata for the 6 surveys.
Bubblessizesare proportional to optimal sample sizes. Empty bubbles show results for BAS design

", n

the ones with a “+” inside for GRTS and the ones with an “x”, StRS.

Graphical comparison of optimal samplessizes for all strata is made using bubble plot (Fig. 4) : StRS

always needs highernumber of samples than GRTS and BAS to achieve 10% of accuracy in the results



at the stratum scale (paired Wilcoxon tests between GRTS and StRS and then between BAS and StRS
indicate that StRS is significantly different from GRTS and BAS; p-values < 2.2e-16). GRTS and BAS
results are similar (paired Wilcoxon tests indicate a non-significant difference; p-value = 0.07909), for
some strata GRTS needs fewer samples than BAS and sometimes it is BAS that needs fewer than
GRTS.

Overall, optimal sample sizes found for same strata are more or less equal among years.

Table 1 : “mean Nopt” and “max Nopt” total sample sizes with both of the survey designs (BAS, GRTS
and StRS) and the approximation of their cost if they would be used on field.

Design Mean Nopt Max Nopt
Total sample size Overall cost (in €) Total sample size Overall cost (in €)
BAS 292 35 860 363 41 540
GRTS 287 35 460 347 40 260
StRS 482 51 060 633 63 140

There are bigdifferences between BAS / GRTS and StRS total sample size and between prices (Table
1). BASand GRTS total sample sizes and overall cost are widely lowerthan StRS ones. BAS would cost
30% and GRTS would cost 31% less than StRS if the Mean Nopt” sample size would be used (and

respectively 33% and 35% for “max Nopt”).
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Fig. 5 : Box-plots of reached accuracy for all strata for: a) biomass with the “mean Nopt” total sample
size, b) biomass with the “max Nopt” total sample size, c) abundance with the “mean Nopt” total
sample size and d) abundance with the “max Nopt” total sample size - 1000 simulations.

If “max Nopt” and “mean Nopt” sample sizes are used, almost all the median are under the targeted
level of 10% of accuracy (fig. 5). With “max Nopt” median level of accuracy are far under this
targeted level. Both of these sample sizes are associated with few inter-annual variations in accuracy
results.

4. Discussion:

There are two critical aspects to take into account when surveying an animal population: spatial

variationinanimal abundance and species detectability (MacKenzie 2006; Royle and Dorazio 2008).



Clams do not have the capacity to escape during the survey and all the sediment of all the samples
had been sifted: hence, one can assume that detectability denoted “p” is almost maximal (p = 1).
Thus, it can be considered that our data only account for clam spatial variation and not for survey
method non-detection. The multi-seasonal database allows to also considering clam’s patches
temporal variation.

This simulation study convincingly demonstrates that GRTS and BAS perform nearly twice betterthan
StRS for Arcachon Bay manilaclam longterm monitoring, confirming and extending thus the results
published forthe GRTS-only design and on the basis of one-year study (Kermorvant et al. 2017). For
all the studied years, GRTS and BAS always need fewer sample points to achieve the same accuracy
than StRS. This means that, years after years, these spatially sampling designs perform better in
presence on spatial variation of clam’s estimates and so are more cost-effective than simple random
sampling. There is statistically no difference between using GRTS or BAS; sometimes GRTS needs
fewersamples and sometimesitis BAS. Otherwise, we have shown that GRTS, BAS and StRS achieve
good performances with few inter-annual variations in accuracy for this population. This indicates
that temporal variation of clam’s abundance and biomass does not have any noticeable effect on the
performance of these sampling designs. This characteristic allows us providing “total sample sizes”
which integrates both spatial and temporal heterogeneity of manila clam population. In terms of
field conveniences, itindicates that we can seta same numberof samples by strata for all the future
campaigns and reach the targeted accuracy in population estimates.

Three accuracy levels(i.e. 5%, 10% and 20%) were assessed in oursimulation study but only the 10%
levelis presentedin this paper to avoid overloading figures. Results for 5% and 20% are similar and
the patterns are consistent with this 10% level (see Supplementary Information). The ability of GRTS
and BASto provide a spatially balanced scheme certainly hasarole in their capacity to deal correctly
with the spatially structured population of manila clams. Indeed, Christianson and Kaufman (2016)
showed that sample spacing is a key factor for a design which has to bring a good estimation in

presence of spatial variation. Also, the efficiency of a survey strategy is highly related to its space-



filling characteristics (Rajabi and Ataie-Ashtiani 2014). A recent study, although limited to comparing
two designs and not incorporating advanced survey techniques, highlighted that systematic survey
designs could be superiorthan simplerandom design forselecting samples in clustered populations
(McGarvey et al. 2016). Several other works show also that there is advantage in using a spatially
balanced design when the response has spatial trend too (Stevens and Olsen 2004; Theobald et al.
2007; Grafstrom et al. 2012; Grafstrom 2012; Grafstrom and Lundstrom 2013; Robertson et al. 2013).
Results of our study further highlight the importance of taking into account spatial and temporal
variationsinthe choice of sampling design for the optimisation of monitoring programs of spatial and
temporal structured populations.

In a practical point of view, if StRS is still used during the future campaign in Arcachon bay with our
sample size “mean Nopt”, the price of the field survey will be the same than before (=50 000 €); but
with 10% of accuracy reached in both strata instead of an accuracy highly variable between both of
them. The use of GRTS or BAS could advantageously reduce the price of future surveys of
approximately 30 % (dropping the total cost to ca 14 000 €). The price depends also on the used

sample size: “mean Nopt” costs 5000 € less for BAS and GRTS than “max Nopt”.

The main goal of ourstudy was to prove that local monitoring programs could be optimised. For this,
we had to found the more performing sampling design for manila clam’s monitoring, and to propose
a sample size which can be applied in all the futures field surveys of clam monitoring. Even if using
“max Nopt” ensures an accuracy of the results far lower than 10%, we suggest using instead “mean
Nopt” with GRTS or BAS. The main rationale behind this proposal liesin the fact that i/ “mean Nopt”
is sufficient to achieve an accuracy of nearly 10% for all strata, and ii/ it is less expensive than “max
Nopt”. Whilst we succeed at demonstrating thatlocal monitoring programs could be optimised, this
study remains a simulation study where the percentage of accuracy obtained is the mean of 1000
simulations (with an associated variance). In the field, it will obviously not be possible to lead 1000
replicates of the chosen sample size, and consequently (due to the random property of sampling

designs) the real accuracy might not be exactly 10%.



We know that accuracy will not be exactly 10% for all the strata and all the years but this
optimisation solution appears as the most logical trade-off between lowering the campaign costs and
keepingagoodaccuracy in the results. Nonetheless, to stick to the reality of true needs, these results
will have to be explained to professional clam fishermen. Even if they are already aware of this
methodological reflexion, it will be mandatory to detail the pros and cons and make sure that they
are convinced of the reliability of the survey if we make changes. For a successful collaboration, it is
indeed essential that they understand and approve these methodological improvements. Thanks to
GRTS or BAS, campaign costs can be lowered under 50 000€ keeping a “good” accuracy in clams
abundance and biomass, allowing for a continuous assessment of manila clam stock in Arcachon bay,
and avoiding thus any other problematic break in the temporal series of this data set.
Nonetheless, despite great potential of GRTS in spatially balanced surveys of natural resources, it is
restricted to a two-dimensional space and has no obvious extension to a higher dimension space.
Theobald et al. (2007) and Grafstrom (2012) proposed several refinement or variation on GRTS,
respectively called reversed randomized quadrant-recursive raster (RRQRR) theoretically possible in
three-dimensional space, and spatially correlated Poisson survey (SCPS). BAS was also developed to
allow a spatial balancing of samplesin a multidimensional scale. Our study is the first ever in which
BAS was used to optimise amonitoring design, demonstrating also that it performs as well as GRTS.
Its promising results in two dimensions and its ability to perform spatial balance in more than two
dimensions let us think that BAS will be very more relevant than GRTS for future surveys
optimisation.

5. Conclusion

This study highlights that spatially balanced designs performs better than the simple random
sampling to deal with the patchily distribution of manila clam population in Arcachon bay. But, we
have shown that they also behave appropriately with the temporal variation of manila clam spatial
structure. We argue that itis now possible to define asample size by strata that could be done for all

future campaigns to achieve a given level of accuracy in the results. Results show that, even if



spatially balanced designs are more cost effective, trade -off between achieving accuracy and survey

price are always to be considered.

We convincingly emphasize a positive effect of adopting such advanced spatially balanced design in
avoiding any potential temporal breaks following money short-coming (such as the one occurring
during 2014 when no manila clam monitoring campaign in Arcachon bay could be done because of
fund lack). In the past, one field campaign used to cost at least 50 000€ and given strata size-
dependent sampling effort, accuracy on the results proved to be different between strata. Now,
benefiting fromthe outputs of our study, we advocate that changing the sampling design and using a
non strata size-dependent sampling effort, the campaign should potentially cheaper, with a gain of
14 000 € (i.e. = - 30%) if a mean of 10 % of accuracy in each strata is to be achieved. This would
undeniably lead to provide a rigorous dynamic image of the clam population in the whole bay and
help thus fishermen to define good sustainable management for their resource, on a continuous
basis.

With this work, we hope demonstrating efficiently that not only long term monitoring programs can
be optimised but this change in sampling procedure is easily transferable to be reproducible in other
similar contexts where resources have to be surveyed on a continuous dynamic basis. If using
spatially balanced sampling design can reduce by 30% the price of Arcachon bay manila clams
monitoring, usingitelsewhere in other similar socio-economic context should also profitably reduce
the long term monitoring costs. To extend the benefits of this study to a larger scale (European for
example) the concept of master sample (van Dam-Bates et al. 2018) could be assessed.

Eventually, to be totally generic, it remains necessary to test other spatially balanced sampling
designs such as local pivotal method (Grafstrom et al. 2012). The main reason why we choose to
assess performances of BAS, and why we believeinits potential for the future, is because it permits
to extend the spatial balancing of the samples to more than two dimensions. BAS performance was
nevertestedto optimise amonitoring programs, and now that we know that BAS is relevant for this

onesintwo dimensions (x andy coordinates), we have tofound one (or more) explicative variable(s)



(for example sedimentology or water circulation in the bay) of manila clam dispersion in Arcachon
Bay and use it as a third (or more) dimension. This could lead to an even more cost-effective
sampling design.
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Highlights:

e Long term monitoring program at local scale are mandatory for resource management but
often too expensive to undertake.

e For the example of manila clams resource in Arcachon bay, each campaign price can be
lowered by 30% only in using spatially balanced sampling design instead of simple random
sampling.

e More than lowering the survey price, wanted accuracy in the results can be fixed a priori.

e BAS sampling design, never compared to other sampling designs in real data previously

perform very well.



