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Abstract

Knowledge of life history and connectivity betweessential ecological habitats are relevant for
conservation and management of species and somm&kiaacers could be used to study the lifecycles
of small or short-lived marine fishes. Although deels are central in marine food webs and are key
species, there is incomplete knowledge about ptpalanixing and migration patterns. For the first
time the use of the otolith microchemistry on sahdgecies is evaluated in the case of the Small
Sandeel. Variations in microchemical fingerprints I8 trace elements are performed with a
Femtosecond LA-ICPM from the core to the margirsagittal otolith and are compared within and
between otoliths extracted from 34 fishes sampieithiee different sites along the coast of thelsout
western English Channel in France. Firstly, pretiany investigations on the validity of the method
revealed that Mg/Ca was the only ratio significaiépendant on fish ontogeny and sampling season.
Secondly, the Mn/Ca, Zn/Ca, and Cu/Ca ratios edalbie to significantly discriminate among
sampling sites. Thirdly, microchemical fingerpriri$ each life stage varied significantly among
sampling sites but not within them, suggesting Hsigd fidelity over relatively short distances. &g,

the fingerprints of all life stages were signifitdgn different from those of the larval and
metamorphosis stages. The otolith microchemistrjccdetect change of signature relative to the shif
from a pelagic behaviour to a resident bentho-pelaghaviour during the middle of the juvenile
stage in Small Sandeels. Hence, analysis of trémmemt fingerprints in otoliths appears to be a
valuable method to further studies on ontogenidtaabhange, population mixing and variation o lif
history and be helpful for the management at lacategional scales of short-lived species such as

those belonging to other Ammodytidae.

Keywords: Ammodytidae, short lifespan, multi-elemesignature, habitat use, intertidal beaches,

biological tracer

1. Introduction



Identification of connectivity between essentiabitats during the lifespan of species is key to the
population ecology and management of fish. This teesn studied in numerous marine fishes that
move from estuaries or salt marsh systems durieg flivenile stage to offshore habitats for growth
and/or spawning (Hansen and Quinn, 1998; Fritse@52Aarestrup et al., 2009, Daverat et al., 2011,
Mercier et al., 2012). Movements and migrations @s® commonly studied in diadromous fish to
study their land-ocean connectivity (Koutsikopouktsal., 1995; Feutry et al., 2011; Bultel et al.,
2014). However, such connectivity has most ofteanbstudied for large fish with long lifespans
(Galuardi and Lutcavage, 2012) and with migratioopls by fish across large distances (Secor and
Zdanowicz, 1988; Block et al., 2001) and/or betweentrasting habitats (e.g. marine to inland,

estuarine to marine, etc.) (Milton and Chenery,2@averat et al., 2011; Isnard et al., 2015).

The focus on short, holobiotic migration loops, &tample in coastal areas and for small fish with
short lifespans is increasing (Goto and Arai, 200&ith, 2003; Aldanondo et al., 2010; Tabouret at
al., 2011). This is relevant not only from a fundantal perspective, but also from a management
perspective. For example, many small coastal fiskesh as sandeels (Ammodytidae family), are
keystone species of marine ecosystems. Their rofuhic position in the foodweb make them a forage
prey for top predators, including marine mammagsbirds, and fish species (Wanless et al., 2005;
Eliasen et al., 2011; Engelhard et al., 2013, 2034hdeels are also economically important, but the
stocks appear to fluctuate and have declined entegears through over-fishing or because of global
change, which has modified the structure of maimoelwebs (Wanless et al., 2004; Frederiksen et al.,
2007, 2011). In recent years, some studies on sacdenmunities were conducted to examine the
impact caused by the development of offshore wiadng and marine sediment extraction for
construction on these fishes (e.g. van Deurs et28112). Indeed, well-oxygenated sandbanks,
preferably with a low fraction of silt and clay (it et al., 2000), play important ecological roles
sandeels, which exhibit the unusual habit of a#teng between pelagic swimming for feeding and
lying buried in the sand substrate even at low tidéntertidal areas, at night and during winter
(Winslade, 1974; Robards et al., 2000; Jensen.,e2@l1; van Deurs et al., 2011). Sandbanks could
consequently be considered an essential ecolobedaitat (EEH) (e.g. spawning ground, nursery,

feeding, or resting habitat) (Rijnsdorp et al., 20Petigas et al., 2013) for sandeel.

The Small Sandeeldmmodytes tobianus, the most abundant sandeel species in intertidatlys
habitats, has a maximum age of 7 years old, carthrewturity at one year old and spawns twice a
year (spring and autumn) (Reay, 1973, Kopp, 197@06nel and Fives, 1995), and it also remains
unclear whether the Small Sandeel is an obligatetidal spawner (Robards et al., 1999). The Small
Sandeels are rarely caught offshore (Jensen @084, van Deurs et al., 2011). Despite the ecoligi
and commercial importance of sandeels (Engelha@.e2014), studies have examined mainly the
Lesser Sandeelhmmodytes marinus, in the North Sea (Wright, 1993; Wright and Bajley996;

Wright et al., 2000; Frederiksen et al., 2011). éednvestigations on this species have shown very
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limited migration behaviour with a high site fidglito a ‘home sandbank’ after settlement and little

mixing between grounds (Engelhard et al., 2008sderet al., 2011). Furthermore, for the Lesser
Sandeel, dispersion between sandy areas is sudgeatecur via the drift of pelagic larvae contedll

by ocean currents (Christensen et al., 2008). Tidysof the Lesser Sandeel movements between
sandbanks has been tested in through field stasiésnodels (Christensen et al., 2008; Engelhard et
al., 2008; Jensen et al., 2011) but the mixing betwpopulations and its life histories are notliypta

unravel.

As it is not currently possible to perform telempettudies with small fish species, the purposéhef t
present paper is to validate, for the first timeda Ammodytidae species, the Small Sandeel, the us
of otolith microchemistry as a potential tracemafvements between habitats during the life history,
which may exhibit little migration behaviour, extemaybe during its larval stage. Otoliths are
calcified inert structures located in the inner e#rfish that grow continuously throughout life
(Campana and Neilson, 1985). Because they incampaohe chemical elements of the surrounding
waters at the time of deposition, otoliths act atural tags (Milton and Chenery, 2001; Lin et al.,
2007; Marohn et al., 2009), and their structures (hacrostructure and microstructure) as recafler
life stages (Campana, 1999). Furthermore, otolitranhemistry also provides powerful information
on migration patterns and the habitat used dutieg ife cycle (Gillanders, 2005; Arai and Hirata,
2006; Feutry et al., 2011; Lord et al., 2011; Merat al., 2012).

Our hypotheses are: 1) if the Small Sandeel exliparable limited migration behaviour to the
Lesser Sandeel, then their otoliths will have didtimicrochemical fingerprints between individuals
from different sandy beaches; and 2) if sandeelsaouse different habitats during their lifecycle,
reflecting a resident behaviour, the elemental amsitpn will not vary within the otolith from the

core to the margin.

This study firstly assesses the variation in sizs<distribution of Small Sandeels over a one-year
bimonthly survey to detect recruitment periods graivth rates. The use of the otolith macrostructure
is validated by comparing the growth calculatedrfrcohorts and from otoliths. Then, hypotheses are
tested by comparing the elemental composition withblith macrostructure and between otoliths of
Small Sandeels captured in three nearby coastat aeNorthern Brittany and Normandy, France.
Finally, to validate the first use of otolith micfeemistry on sandeel species, the stability of the
microchemical signatures among seasons and ontodemelopment are tested. The results are used
to discuss whether microchemical tracers of théitbsoare useful to analyse the life history traifsa

coastal, non-migratory, short-lived fish specieshsas the Ammodytidaes.
2. Materials and methods

2.1. Study area and fish sampling



The three studied intertidal sandbanks are loadatéte south-west English Channel along the coast o
the Norman-Breton Gulf. The main study site, Lauki®ay, is located at the mouth of the Frémur
estuary, and the other sites chosen for testingitbdidelity of Small Sandeels were Rotheneuf Bay
and at the Chausey archipelago (respectively 2048rkin from Lancieux) (Figure 1). Sandeels were
sampled at Lancieux Bay with a shovel in the s@male marks of the beach at low tide twice a month
for a year (February 2012 to January 2013). Althef fish were stored at -20°C within one hour of

capture for further identification and measurenfésrk length (FL) in mm) at the laboratory.

In order to test ontogenic and seasonal variatiomsicrochemical signature, 24 sagittal otolithgeve
extracted from juveniles and adults and in differegasons: 5 0-group juveniles caught in February
and July, and 5 adults caught in July and 9 in Nuer. Additionally, to identify spatial signatures
among the three sites, sagittal otoliths were eté¢dhin July, from 2 0-group juveniles and 3 adults

caught at Chausey archipelago and 5 0-group juie®all Rotheneuf Bay.
2.2. Otolith preparation and analysis

After extraction, the sagittal otoliths were washbdee times in an ultra-pure water bath (milliQ
0.0055 pS). After the remaining tissues were remaweder a binocular microscope, otoliths were
dried and stored in 1.5-mL plastic Eppendorf tubEse left otolith extracted from each fish was
embedded in araldite resin 2020 (Huntsman) with shé&cus acusticus downward. They were
grounded in the sagittal plane up to the core witta-pure water and sandpaper with grains graguall
decreasing from 2400 pm to 1200 pm, 9 um, and 3Rkimally, the otoliths were rinsed with ultra-

pure water and air-dried.

Otolith microchemical composition was assessedgudsY nm femtosecond laser ablation (Lambda 3,
Nexeya, France) inductively coupled with plasma snggectrometry (Elan DRCII, Perkin Elmer)
(LA-ICPMS). This delivers 360 fs pulses at waveldsgof 1030 nm and can be operated at high
repetition rates (up to 100 kHz). A 2D galvanoneestanner allows the fast movement of the laser
beam (10 um) at the surface of the sample to stmwuigtual beam shaping when the laser is operated
at a high repetition rate. Considering the otaijitbwth ring pattern, an elongated laser beam (%0 x
unt) was simulated in order to preserve the high apatisolution while keeping the highest signal
sensitivity. The laser was operated at 300 Hz wigulse energy of 35 pJ while the scanner was doing
a permanent 35-um-wide, oscillating movement gieged of 2 mm/s, resulting in a 20 x 50 um laser
beam. Combined with this oscillating movement, gample was continuously moved along the
posterior axis from the nucleus to the edge of dhadith at a speed of 5 um/s, resulting in an
uninterrupted ablation on the grounded surfacertter to prevent a blast effect on the nucleus, the

ablation was started 200 um before the nucleusablaion depth was evaluated at 10 pum.

At the beginning and end of each session, carafibrations were carried out using NIST 610, 612,

and 614 (National Institute of Standards and Teldgy). Quality control was systematically
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evaluated using pelletized CRM NIES 22 otolith pew@Certified Reference Material produced by
the National Institute for Environmental Studie§)Ca was used as an internal standard for each
ablation to correct for instrumental error in terofsablation yield, sample transport and detection.
Analysed isotopes wef&Sr, *Ba, ***Ba, *Mg, *Mg, >**Mn, *Cu, ®*Cu, *°zn, *®*zn, *'Fe, ***Th, and
%3, which are frequently used in microchemistry &ad(Vasconcelos et al., 2011). Isotopes for
which 75% of the measurements were above the bindetection for at least one individual were
retained. Furthermore, for elements with two ise®e.g.*Cu, ®°Cu), only the isotope with the
highest natural abundance was kept after checltiag no spectral interference was affecting the
reliability of the result. After standardization lpalcium (Campana, 1999), the remaining element
ratios were Ba/Ca, Sr/Qsln/Ca, Zn/Ca, Cu/Ca, Fe/Ca, and Mg/Ca.

To match the microchemical signatures with theeddht life stages of sandeels, macrostructural
analyses of the otoliths (Figure 2) were performEuae larval stage (L) was clearly distinct on the
otolith with a change in the growth axis, which responds to settlement into sediment (Wright,
1993). Opaque zones (under transmitted light) spord to rapid growth in summer (S), whereas
translucent zones were interpreted as low growtloge in winter (W) (ICES, 1995, 2006). Finally,
we postulated that fish had spent sufficient timéha site of capture to assimilate a local fingetp
The site of capture signature (C) was thereforesidened to be the fingerprint measure within the
external part of the otolith (Number 9, Figure 2Bjter the continuous ablation, each otolith was
photographed to measure larval, translucent, aaqugzones from the core to the end of otolith. The
average of all of the element ratios was asseddbe aentre of each zone except for the first semm
growth zone (S0). This larger summer growth zone dreided into three sub-zones where means of
element ratios were calculated (i.e. at the begms0b, 20 um after the larval stage), middle (50m
and end (SOe) of the SO zone) (Figure 2B). Thetlenfthe ablation segment used to calculate the
mean element ratios was adjusted to the width df eane, which varied among fish and according to
their location within the otolith. When the idergifl opaque or translucent zone measured more than
200 um, the mean of element ratios was calculateda 100 um distance, and when it was inferior to
200 um, the mean was calculated over a 50 um distafinally, the signature of capture was

calculated over 30 um at 20 um from the edge obtbkth.
2.3. Data analysis

At Lancieux Bay, sampling was twice a month andtal tof 642Ammodytes tobianus were measured.
However, for simplification, the size-class distiions were plotted on a monthly basis. Following a
cohort analysis, age classes were determined aadlezh estimation of the season of birth of
juveniles. A code, for example GO A2011, was atiiéll to each individual and represents the cohort
(i.e. age class: GO, G1, etc.), the season (Sigphi: autumn) and the year of birth. Age estimagio

were validated using age readings of otoliths Wate extracted for the microchemistry and macro-



structural analyses (n = 24). The growth at one géage was only calculated for two young cohorts

(G1 and GO A2011), for which it was possible tareate the season of birth.

A linear model (LM) between the fork length (FL)ftgh and the total length of their otolith (n =)44
with a Pearson correlation test (the normality hothoscedasticity of data were verified by Shapiro-
Wilk and Bartlett tests) was performed to validgiat otolith length was a proxy for fish length.igh
relationship permitted us to back-calculate snedideel growth and to link different life stagedish

to LA-ICPMS results. The length of the larval stagel the first growth zone in otoliths (n = 24) wer

compared between the different cohorts using atingodel (LM).

Secondly, to validate the value of otolith microctigtry in Ammodytidae, the potential ontogenic and
seasonal effects were analysed with linear mod®l) (bn the microchemical fingerprint from the
marginal zone (i.e site of capture (C), see Fid@dBg by comparing juveniles and adults sampled at

different times (juveniles caught in February anly And adults in July and November).

For all LM the normality of residuals was verifigdth the QQ-plot and there was no violation of the
assumption to apply the Gaussian distribution. Waesignificant difference was detected with the
Anova (F-test) type lll (for the un-balanced ddtal R package)), a multiple pair-wise comparison
(Tukey post-hoc test) was applied (‘'multcomp’ R kege). For the highly unbalanced data, which
occurred when analysing the otolith widths of taevél stage and the first growth zone, a bootstrap

with 1000 iterations was applied after the Anovaetyll to verify the robustness of the results.

Finally, to distinguish the potential differencehabitat fingerprints on otoliths, the fingerprimisthe
marginal zone (C) of adults and juveniles captuaethe three sites were compared (juveniles and
adults from Lancieux and Chausey, only juvenilesrirRotheneuf). Three different classification
methods were used to estimate the contributiodeshents measured in otoliths since some elements
could provide more noise than real signal: lineecrminant analysis (LDA) and two learning
methods, random forest (RF) and artificial neusdivorks (ANN), which are less demanding in terms
of assumptions than LDA. For the LDA, capture firgant data met requirements for normality and
homoscedasticity (i.e verified by Shapiro-Wilk amartlett tests), and all element ratios were
standardized to give them the same weight dueffiereinces in magnitude (Mercier et al., 2011). RF,
is a tree classification method, which separatesmah node the dataset in binary groups. This egsabl
to randomly look for the group of element ratioattmaximizes the homogeneity into the two groups.
Each group then splits again following the samegdare until no more homogeneity is found. ANN
is a system of interconnected neurons, which coegpwtlues from input neurons to hidden and
finally to output neurons and linked by a functifimear, logarithmic, etc.). To identify the best
method to select an optimal element combination thar discrimination of site fingerprints, the
maximal prediction accuracy (i.e. the percentagemfect assignment of the fish to their capture

habitat) was tested according to the methods uBéd (DA, and ANN) and for each possible



combination of 1 to N chemical elements (2 x ®xpB possible combinations). Furthermore, a cross-
validation was performed for each element combamaby testing 1000 replicates. For each cross-
validation procedure, 75% of the fish (trainingadaéet) were randomly chosen to train the classifier
the remaining 25% being used to measure the qu#liprediction. Five hundred trees were built for
the random forest method. For more details, see ti#® script named
R_otolith_microchem_elements_and_method_selectiqgiMBrcier et al.,2011). To complete this
analysis, a multivariate analysis of variance (MANY) type Il (for un-balanced data, ‘car R

package) was used between the fingerprints ofifee tsites.

Lastly, to analyse site fidelity according to sitewd life stages, microchemical fingerprints ofleac
macrostructure (see Figure 2, L, SOb, SOm, S0e,SAOW1, etc.) were compared with each other and
to the capture fingerprint (C, site signature) WWANOVA type lll. Al MANOVA were used with

the Pillai's trace since it is relatively robustdeviations from multivariate normality (Johnsordan
Field, 1993). Indeed, half of the elements (i.e/(&a Sr/Ca, anBe/Ca) in the data based on different

life stages of Lancieux fishes did not meet nortyadiven after log transformation.

All the element ratios were transformed by loglBe Threshold for rejection of the null hypothesis
was defined at p = 0.05 and coded as follow: *50:0p > 0.01; **: 0.01 > p > 0.001; and highly
significant ***: p < 0.001. All statistical analysewere performed using R software (R-2.15.1 R

Development Core Team 2012).
3. Results
3.1. Growth estimation: validation from cohorts andlith microstructures

Four species were caught at Lancieux Bayyperoplus lancelolatus, H. immaculatus,
Gymnammodytes semi squamatus and Ammodytes tobianus, the last accounted for 73.04% (n = 642) of
the catches. At Lancieux Bay, fish sizes rangethf88 to 175 mm (Figure 3). A maximum age of 5
years was observed, but most fishes were one oyéacs old. Irrespective of the sampling period,
individuals from the G2 (131.62 + 7.53 mm) and G38§.47 + 8.34 mm) age classes were detected.
At the beginning of the survey, G1 individuals bamrspring 2011 (96.71 + 7.83 mm) were still very
abundant in February and April 2012, with an estaédage of around one year old (i.e. G1, Figure 3,
black stars). During the survey, two newly recrijgvenile cohorts were detected; the first, born i
autumn 2011 (GO A2011, 41.37 + 2.37 mm, FigureaPpeared at the beginning of the survey in
February 2012 and grew 7.93 mm between Februaryamndh, with a maximum growth rate in May
(20.98 mm/month). For this cohort, the growth s@ditio decrease at the end of the summer, was very
low during the winter (0.46 mm between November &wtember) and reached one year of age
during the autumn (Figure 3, black stars). Convgrsedividuals born during the spring of that year
(GO S2012, 40.64 + 3.56 mm, Figure 3), recruiteay, had higher growth at the beginning of their
life (7.93 mm and 17.98 mm between the first twonthe, GO A2011 and GO S2012, respectively)



and a higher maximal growth rate in June (34.38 month) than individuals from GO A2011.
Interestingly, at the end of their first year obgth, juveniles were almost the same size regasdiés

their recruitment period.

Finally, at one year old, individuals of G1 and GDA1, from whom it was only possible to estimate
the season of birth, measured 109.89 + 4.08 and7826 4.50 mm, respectively (Figure 3, black

stars).

Fork length (FL) and the otolith total length (Tpteere highly correlated and can be expressed as FL
= 0.0454 x Toto + 11.083 (R2 = 0.94, Df = 41, p.2e3° *** Figure 4). The mean length of sandeels
at one year of age was back-calculated from adalitto diameter at the end of the first opaque zone
of the otolith, and was estimated at 118.33 + b5

The larval zone had an average diameter of 265.82.85 um (n = 24) and did not change among
cohorts (Df = 3, p = 0.30, Figure 5). However, tlelowing first growth zone (i.e. SO) was
significantly wider for individuals born in autun{ne. GO A2011, 1927.52 + 75.00 um, n = 3) than
individuals born in spring (G1, 1323.63 £+ 107.01,um= 5; GO S2012, 1398.17 + 68.99 um, n = 5),
but also for older individuals (n = 11) (Df = 3792.02€"® *** Figure 5). G2 might also be born in

spring considering their small SO zone.
3.2. Significance of microchemical fingerprintsatoliths
3.2.1. Ontogenic and temporal variation in otdiittgerprints

Mg/Ca varied significantly both according to seasmul fish age (Df = 3, Deviance explained per
factor = 77%, p = 1.45€**) and exhibited higher ratios in juvenile otdi¢ and during the summer
(Figure 6). The microchemical fingerprints of thier elements ratios were not different (mean + sd
of all individuals: Ba/Ca = 2.1%8 + 6.24¢€", Sr/Ca = 4.40& + 1.02¢"', Mn/Ca = 1.19& + 6.51¢",
Zn/Ca = 8.63€° + 7.38€™, Cu/Ca = 8.128 + 7.95¢™, and Fe/Ca = 2.028 + 2.40€™"). Meaning the
variation in Mg/Ca ratio in otolith fingerprint immore due to seasonal effects and physiological
changes during the fish development than to onfodeabitat changes (see Discussion). Therefore to

avoid biaises, Mg/Ca was removed in further analysi
3.2.2. Discrimination of sites and optimal elememnbination

The three classification methods performed (LDA, Bid ANN) provided good maximal accuracy of
prediction, falling between 78.44% and 83.79% (€ab). LDA had the best maximal prediction
accuracy (83.79%), and the best element combinatasicomposed of Cu/Ca and Mn/Ca (Table 1).
Capture signature in otoliths from Lancieux wasngigantly different from those of Chausey
(Manova, p = 0.0070**) and Rotheneuf (Manova, p.832**) but Chausey and Rotheneuf were not

globally different (Manova, p = 0.27). Mn/Ca ratiegere significantly higher in otoliths from



Rotheneuf and Chausey than those from Lancieuxu(€ig/). Cu/Ca and Zn/Ca ratios were

significantly higher in otoliths from Rotheneuf thihe two other sites (Figure 7).

3.3. Comparison of life stage signatures from Lemxisandeels with signatures of sites of capture

(Chausey, Lancieux, and Rotheneuf)

The large majority of the microchemical fingerpsinfound for the different life stages (i.e.
macrostructural zones of otoliths) of Small Sansl@alptured at Lancieux always appeared different
from the Chausey and Rotheneuf capture signatli@slg 2). Among the elements, Cu/Ca, Mn/Ca,
and Zn/Ca ratios were always significantly diffarom the Rotheneuf capture signature, and Mn/Ca
and Fe/Ca ratios differed significantly and the mivequently from Chausey capture fingerprint
(Table 2).

The microchemical signatures varied significantlyni the centre (larval stage) to the margin of the
otoliths. Two main differences occurred between ltrgal stage (L) and the beginning of the first
growth stage (SO0b) (Table 3). The larval stage mvase enriched in Sr/Ca, Ba/Ca, Zn/Ca, and Cu/Ca
than the SOb stage (Table 3). The second signifid@ange was between this latter zone (S0b) and the
first mid-growth stage (SOm) (Table 3). Then, tlestfmid-growth stage (SOm) did not differ
significantly to the end of this zone (SOe). Thdsee first zones (L, SOb, SOm) were significantly
different from the Lancieux capture fingerprint,like for all of the following zones of the otolith
(SOe, WO, S1, W1 and C), which did not vary siguaifitly (Table 3).

4. Discussion
4.1. Methodological validations

Results of growth estimation validate the correlatbetween otolith and fish length and permit to
further link the different life stages of otolitb the continuous laser ablation. The definitivegténof
fish, almost reached at one year of age, was esithfaom otoliths at 118.33 + 7.15 mm and was
corroborated by the size estimated from the twadsHrespectively 109.89 + 4.08 and 120.75 + 4.50
mm, see Figure 3, black stars). This is in accardamith Reay (1973), who found fish sizes at one
year of age ranging between 110 and 114 mm fordifferent years. Furthermore, the length of the
first growth zone in otoliths can help to deteat #eason of birth; a small first opaque zone in the
otolith corresponds to fish recruited in late sgror autumn and born in early spring, while a large
zone corresponds to fish recruited in spring amd othe previous autumn, as Reay (1973) reported.
This marked macrostructure of the otoliths was ulstf reliably detect ontogenetic stages in the
sandeel otoliths, and, given the relatively large ©f the otoliths and large identifiable zoneglia
first year of life, it was possible to perform bdokaser ablations providing enough material to cete

fingerprint variations.

However, in order to definitely validate the usemdtrochemical fingerprints, we had to check their

stability according to years, seasons, and agsedass previously described in various fish sgecie
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(Chittaro et al., 2006; Tanner et al., 2011; Mareeal., 2012; Tournois et al., 2013). Among hé t
elements analysed in the Small Sandeel otolithy &fd)/Ca differed according to age class and
season, which is consistent with several studiafdhindmagnesium to be physiologically regulated
(Martin and Thorrold, 2005; Tanner et al., 2011;d8fcock et al., 2012).

Three methods were used to verify whether microat@nvariations in otoliths were reliable for
detecting habitat changes. Although the randomstof®F) method has improved discrimination
performances for recent microchemistry data setr¢Mr et al., 2012; Tournois et al., 2013), linear
discriminant analysis (LDA) had the highest maximaturacy in our study. This could be explained
by the fact that our dataset of capture sites @shibulti-normality and homoscedasticity (Merci¢r e
al., 2011). The best element combination was cortho$ Cu/Ca and Mn/Ca, and these elements are
generally influenced by terrigenous inputs and tiendecline with distance from the shore (Kremling,
1985; Shiller, 1997; Laes et al., 2007) and haweadly been used to discriminate among coastal sites
(Tanner et al., 2011). Our results suggest thatibtnction between the three sites of capture was
mainly due to a significant enrichment in mangan@de/Ca) in the outer perimeter ofotoliths from
Chausey and Rotheneuf. In addition, enrichmenbpper and zinc in the coastal sites at Lancieux and
Rotheneuf enabled us to distinguish between theetlsites. The observed differences could be
explained by the geological composition of the sexhits and of the water. Despite the low number of
individuals in Chausey and Rotheneuf sites, owlteighlight the potential capacity of the otilit
microchemistry of sandeels to imprint local tradeneents and therefore to distinguish marine
habitats, even over low geographical gradients,camfirm the interest of multi-elementary signature
as a spatial tracer. However, meaningful ecologit@rpretations of element concentrations remain
difficult to make, especially because more infororatis required to understand the incorporation

processes of chemical elements in fish and sandeléhs.

4.2. Site fidelity of the Small Sandeel accordingage: insights from microchemical fingerprints of

otoliths

Firstly, the microchemical signatures of the Chgused Rotheneuf sites were never similar to those
of Lancieux fishes (40 and 20 km away, respectjveliggesting that: (i) environmental imprints may
occur among nearby marine areas, and (ii) thereaypai®ri no population connectivity between these
intertidal sites. This is in accordance with Jenseal. (2011), who found high fidelity & marinus

to their night-time burrowing sites, with a randpatt did not exceed 5km. Nevertheless, it appeared
that diurnal movements could extend about 15 knmydwveam night-time burrowing sites (Engelhard et
al., 2008 forA. marinus). Finally, the swimming capacity of the Small Seedd(1 to 1.5 km/h)
(Kuhimannand Karst, 1967), suggested that fish lsairg Lancieux were unable to reach either the
Chausey archipelago or Rotheneuf Beach througly davement, which does not exclude potential

migrations over several days. Therefore, as telgmist difficult for small fishes and traditional
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surveys and acoustic methods do not permit trackidividual behaviour, otolith microchemistry

appears to be a potentially useful tool to deteentire connectivity between sandeel stocks.

Secondly, the signatures of the larval stage (lJ dre early juvenile growth stage (i.e. SOb, the
beginning of the juvenile zone), including the nmetaphosis stage (Wright, 1993), of fish caught in
Lancieux, presented significantly distinct microgtieal fingerprints from older stages. This first
fingerprint change over the Small Sandeel lifespauid be explained by a change inhabitat, probably
when the metamorphosis occurred. Indeed, the sitimated from otoliths, at the beginning of the
juvenile zone (S0b), just after the larval stageged between 24.96 + 0.96 mm and 34.04 + 0.96 mm.
Even if no data were found for Small Sandeel, WridbscribedA. marinus larvae as undergoing
metamorphosis over the length range 35 to 55 mmi&dding to a change from a pelagic to a semi-
demersal habitat (Wright, 1993). This early lifagd seems to occur for Small Sandeel in coastal
waters according to Langham (1971), who never fdaneae and post-larvae of the species in the
Scottish offshore waters. Our sampling tended tdicu this result, since the smallest size of Small
Sandeel settled (metamorphosed) detected at Lanaias 38 mm. Contrary to the following stages,
larvae are notably not in contact with sand dutimg night, which could explain the change in the
microchemical fingerprint. Finally, the change ghlaviour and habitat (pelagic to semi-demersal) and
the influence of particular ecophysiological chéeastics (growth and feeding) of these early stage
(larval and during metamorphosis) on the microcleaimcomposition of the otoliths cannot be
excluded (Otake et al., 1997; Arai et al., 2000itt@fo et al., 2006; Tanner et al., 2011).

Interestingly, the signature of the middle of thevgnile zone (SOm) differed from the capture
signature of the Lancieux site (C), but not frora &nd of the juvenile zone (S0e) or from the second
winter period (W1). At this stage (SOm), the estedalength of fish ranged from 45.10 + 5.42 to
54.18 + 5.42 mm. If differences in the first juMeniphase (SOb) and larval signatures are
hypothetically due to a change in ecophase, asiquely stated, this could be the beginning of
settlement in the site in accordance with the nwzas of recruitment in our samples of 41.37 + 2.37
and 40.64 + 3.56 mm according to the period (Fepri@l2 (GO A2011) and May 2012 (GO S2012)).
As the end of the first juvenile stage (SOe) did differ from the next zones and the fingerprint of
capture, it could correspond to a real settleméfineniles. Observed differences in microchemical
signatures and the recruitment size could resolnfri) a delay of signature incorporation in the
otoliths (Yokouchi et al., 2011), or ii) a behavialidifference in habitat use compared to older
individuals. Then, the growth and survivalAhmodytes marinus larvae are controlled and supported
by the zooplankton peak concentration and the &sareof temperature enhancing the growth at the
optimal time of match-mismatch (Gurkan et al., 20%8 variation in the time of hatching can lead to
potentially different larval growth (Wright and Bay, 1996) and juvenile size at recruitment.
Accordingly, our individuals used for microchemysaind the otolith-length relationship were born in
different years and probably seasons (G2, G1 (wospring 2011) and GO S2012), which might have
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effects on size at arrival at Lancieux comparedhtise of recruits of the year (GO A2011 and GO
S2012).

Microchemical results finally support that the 3Insandeel exhibit high fidelity to the Lancieuxesi
where they have been captured during all stagethaf lifecycle after the beginning of their
settlement. Based on microchemistry and the siZee@uitment and juvenile growth, intertidal
beaches seem to act as nursery, growth, and rdwivitats for the species, especially when they are
overwintering (Wright et al., 2000; van Deurs anefféensen, 2011) and we cannot exclude their

potential role as spawning habitat for this species
4.3. Conclusions

Despite the small size of the sample used forghidy, it confirms that exchanges could be limited
between sandbanks and sandeel body morphologyctedtieir movements in the short-term (i.e.
foraging behaviour) and longer periods in theiedifcle (Engelhard et al., 2008; Jensen et al.,)2011
This method is also able to detect ontogenic hiabitdits in the Small sandeel, notably the settle@me
stage in intertidal beaches. Otolith microchemistppears to be a relevant tool for investigatirg th
life history of short-lived fishes such as Ammodgté. It also provides a complementary approach to
molecular methodologies to unravel population ngxion a geographical scale relevant to

conservation and management.
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Table 1: Maximal classification success (+ stand#ediation, sd) and best combination of
2 elements obtained by three classification methédsar discriminant analysis (LDA), random
3 forest (RF), and artificial neural networks (ANNWicrochemical fingerprints are inferred from
4  the external zone (signature of capture) of the ISsamdeel otoliths from Lancieux (n = 24),

5 Chausey (n =5), and Rotheneuf (n = 5).

Maximal accuracy (% +

Method Combination of elements
sd)
LDA 83.79 £12.35% Cu/Ca, Mn/Ca
RF 79.19 £ 12.67¢ Cu/Ca, Mn/Ca, Sr/Ca, Zn/t
ANN 78.44 - 13.79¥% Cu/Ca, Fe/Ca, Mn/Ca, Zn/t




Table 2: Multivariate analysis of variance (MANOVA type I11) comparing the different microchemical signatures (corresponding

to different life stages) of small sandeel otoliths from Lancieux (n = 24) with capture signatures of the otoliths from Chausey (n = 5)

and Rotheneuf (n = 5). The macrostructure of the Lancieux otoliths is divided into severa zones (see materials and methods): L =

larvae; SOb = beginning, SOm = middle, SO0e = end of first opagque zone corresponding to the first summertime growth period; WO =

first transdlucent zone corresponding to the first winter growth period; S1 = second opague zone (second summertime growth period);

W1 = second translucent zone (second winter growth period). Indicated p values are the mean of different p values calculated for each

element ratio between pairwise analyses (Example: larval zone of Lancieux (L) versus capture signature of Chausey). Significant

elements are identified for each pairwise analysis (*: 0.05> p > 0.01; **: 0.01 > p > 0.001; ***: p < 0.001; and NS = non-significant).

Capturesignature of Chausey

Capturesignatur e of Rotheneuf

P value Significant elements P value Significant elements
Mn/Ca***, Sr/Ca***,
L 6.17e% *** 1.85e B *xx Mn/Ca***, Sr/Ca***, Cu/Ca**
Cu/Ca**, BalCa**, Fe/lCa**
SOb 8.38g M *** Mn/Ca***, Fe/Ca**, Cu/Ca* 25504 *xx Mn/Ca***, Cu/Ca***, Zn/Ca**
0 3.80g% *xx Fe/Ca**, Mn/Ca* 1.03g®*** Cu/Ca*** Zn/Ca***, Mn/Ca**
S0e 1.54¢% * Mn/Ca**, Fe/Ca* 1.32¢% »#* Cu/Ca***, Zn/Ca*** Mn/Ca**



10

11

WO

S1

0.017*

0.020 *

Mn/Ca***

Mn/Ca**, Zn/Ca*

1.89g %4 *

9.34g ™ **

Mn/Ca***, Cu/Ca***, Zn/Ca**,

Sr/Ca**, Ba/lCa*

Mn/Ca***, Zn/Ca***, Cu/Ca**




Table 3: Multivariate analysis of variance (MANOVA) comparing, from the Lancieux Small Sandeels otoliths (n = 24), the
microchemical fingerprints during the ontogeny.. The otoliths were divided into several ontogenic stages inferred from macrostructural
patterns (see materials and methods): L = larvae; SOb = beginning, SOm = middle, SOe = end of first opaque zone corresponding to the
first growth period; WO = first translucent zone corresponding to the first growth stop; S1 = second opague zone (second growth
period); W1 = second translucent zone (second growth stop period). The microchemical fingerprints of each of these ontogenic stages
were compared to each other. Indicated p values are a mean of different p values calculated for each element ratio between pairwise
analyses (Example: larval zone of Lancieux (L) versus capture signature of Lancieux). Significant elements are identified for each

pairwise analysis (*: 0.05>p > 0.01; **: 0.01 > p> 0.001; ***: p < 0.001; and NS = non-significant).

Capture
SOb SOm SOe WO S1 w1 signature
L ancieux
1,13 €% *xx 1.14e% **=* 3.126® *xx 1,57 *** 4,53g% +xx 8,02 ** 2,02¢% **
Sr/Car**, Sr/Ca***,
Sr/Car**, Ba/Ca***, Sr/Car**,
Cu/Ca***, Zn/Ca***, Zn/Ca***, Ba/Ca***,
Ba/Ca***, Sr/Car*, Ba/Ca***,
Zn/Car**, Ba/Ca***, Cu/Ca* Sr/Ca*
Zn/Car*, Bar**, Cu/Ca**, Cu/Ca**, Zn/Ca***




Cu/Ca* Mn/Ca* Mn/Ca* Zn/Car* Cu/Ca*
7,166 ** 3,43¢® ** 4,85 *** 1,49e% * 3,826 0%« 1,07e %
S0b Sr/Car*, Sr/Car*,
Sr/Car** Sr/Car** Sr/Ca** Sr/Ca***
Cu/Ca* Zn/Ca*
3,026 % * 3,666 %% 1,28¢% **
SOm NS NS Cu/Ca*,
Sr/Car** Fe/Ca*
Zn/Ca*
S0e NS NS NS NS
WO NS NS NS
S1 NS NS
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ACCEPTED MANUSCRIPT

1 Figure 1. Location of the three intertidal sampling sites of Small Sandeels in the Norman-

2  Breton Gulf (south-western English Channel).
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Figure 2: Microscopic photographs of an otolith from Ammodytes tobianus after sagittal
section (transmitted light). (A): Focus on the circular larva zone: (1) nucleus, (2) daily
increments, (3) end of the circular larval zone. (B): Otolith after the linear continuous ablation
(X): (4) circular larval zone = L, (5) first summer growth season (SO) divided in three zones:
beginning = SOb, middle = SOm, end = SOe, (6) first winter growth season = WO, (7) second
summer growth season = S1, (8) second winter growth season = W1, (9) edge of otolith and
signature of the capture site = C. Black horizontal arrows represent the distance considered to

calcul ate the means of element ratios in different identified zones of the otolith.
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Figure 3: Mean (solid lines) and individua sizes (mm) (points) distribution of Small sandeels
sampled from February 2012 to January 2013 (with confidence interval of 95% around the mean
in grey). Codes represent identified cohorts (i.e. individual of the same age class: GO, G1, etc.),
back-calculated season of birth (S: spring; A: autumn), and year of birth. GO A2011 = group O
born in autumn 2011, GO S2012 = group O born in spring 2012, G1 = group 1 born in spring
2011, G2 = group 2, G3 = group 3, G5 = group 5. Accurate estimation of size reach by fish at one

year of age was only possible for two cohorts (G1 and GO A2011), and represented by black

stars.
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Figure 4. Relationship between fish fork length (FL in mm) and total length of sagittal otolith

(mm) (antero-posterior axis, n = 44).
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Figure 5: Comparison between otolith lengths at the larval stage (L) and at the first summer
growth (S0) according to different cohorts captured at Lancieux (n = 24). Cohorts used are G1 =
group 1 born in spring 2011, GO A2011 = group 0 born in autumn 2011, GO S2012 = group O
born in spring 2012, G2 = group 2 years old. Letters in superscript indicate significant differences
(p < 0.05) between the cohorts (S0) according to a linear model. No significance difference

occurs a larval stage (NS).
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Figure 6: Comparison of Mg/Caratios from juveniles and adults otoliths according to months of
capture at Lancieux (n = 24; adultsin July (Ajul, n=5) and November (Anov, n=9), juvenilesin
February (Jfeb, n=5) and July (Jjul, n=5)). Letters in superscript indicate significant differences

(p < 0.05) from alinear model.
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Figure 7: Boxplots comparing different element ratios from Small sandeels otoliths from the three

sites of capture. Element ratios are inferred from the external zone of the otoliths (capture

fingerprint) of Lancieux (n = 24), Chausey (n = 5), and Rotheneuf (n = 5). Lettersin superscript

indicate significant differences (MANOVA, p < 0.05) between sites, when present.
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Highlights

» Otolith microchemical fingerprints are studied for the first time in Ammoditydae.

« Small sandeels otoliths have significant distinct microchemical signatures at reduce
gpatial scales (from 20 to 40 km).

» Ontogenic habitat shift is detected by the microchemical signatures.

» Microchemical signatures revealed high site fidelity and low dispersion after the
Settlement.

* Microchemical fingerprints appear relevant to unravel population mixing and habitat

use for small temperate fish species.



