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GENERAL ABSTRACT

The extent of larval dispersal holds a crucial foleboth the dynamics and evolution
of spatially structured marine populations, deteesithe scale at which species interact with
their environment, respond to perturbations andvevoDesigning effective conservation
strategies such as marine reserve networks wikni@épo some extent in our comprehension
of how marine populations are interconnected. H@amewneasuring exchange among
populations given the small size of larvae of masirine species and the high dispersal
potential in the ocean matrix, remains challengbegause of the difficulty of tracking
individual larvae in the ocean. As a consequentoeretis still little knowledge about the
patterns of demographic connectivity in marine smwvinents and the main factors that
influence the shape of dispersal. The aim of tissaftation is to provide new leads on the
scale of marine larval dispersal in a coastal @emvirent and the role of the parental
environment as driver of the variation in magnituafelocal population replenishment. A
metapopulation consisting of discrete adjacent gpbjations of the anemonefish
Amphiprion polymnus along 30 km of coastline in Bootless Bay (Papua Nawnnea) was
used as a model system. Highly variable microstgdtici as genetic markers and parentage
analysis were used to trace back the parentalnsrigii juvenile fish. This method allowed for
the estimation of self recruitment and populationreectivity within the metapopulation. This
dissertation starts by exploring some methodoléggsues related to the use of parentage
analysis in natural populations and estimates thenmal sampling effort required (in terms
of number of genetic markers) to attain high pagatassignment accuracy (~94%) in this
specific metapopulation. Second, larval retentionthw and exchange among the
subpopulations previously mentioned were quantifieelr two consecutive years. The results
of this chapter suggest that in this coastal metaladion, self recruitment at small spatial
scale (individual reefs) is low (~8% in averageighlty variable among sites, but rather
constant between years. At the metapopulation |eainectivity and not self recruitment
seems to be the dominant pattern. Third, by usmtlgvidual multilocus profiles as natural
tags, parentage analysis and field observations, ghown for the first time in a natural
marine population, that larger females in the Iquabulation contribute more than twice to
local replenishment than smaller females. In addjtresults from this chapter revealed that
habitat degradation can have negative consequemtethe reproductive output for this

species. Finally, | used empirical data from prasicchapters to estimate population’s
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demographic rates (survival, fecundity and sizegaty transition frequency) and integrated
this in a simple matrix model. In this way | wasleabo show that metapopulation self-
persistence is only achieved in this system whersidering at least 50 km of coastline. In
general, the results of this work reinforce thegrothat in scenarios where spacing between
suitable habitat patches is small, populations apeas open systems even at relatively large
spatial scales. Comparison with previous studiggests that dispersal of coral reef larvae
might be more influenced by geographic settings tepecies specific life history traits.
Finally, in a conservation perspective, these tesmidicate that protecting large healthy
females will be crucial to population replenishmeatgue for the implementation of
management strategies that will restore and praieefage structure of marine populations
and highlight that, in relatively continuous hatstaa small Marine Protected Area (MPA)

could not be considered as self-sustaining if pajahs outside the MPA are depleted.
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RESUME GENERAL

L'étendue de la dispersion larvaire tient un rétacal dans la dynamique et
I'évolution de la structure spatiale des populatiorarines. Elle détermine I'échelle a laquelle
les especes interagissent avec leur environnemégandent aux perturbations et évoluent. La
conception des stratégies de conservation efficaties que les réseaux de réserves marines
dépend, dans une certaine mesure, de notre comgiéhale la maniere dont les populations
marines sont reliées entre elles. Toutefois, élannhé la petite taille des larves de la plupart
des espéces marines et de leur grande capacitiémision dans I'océan, mesurer |'échange
entre différentes populations reste laborieux éorade la difficulté a suivre les larves dans
'océan. En conséquence, le niveau de connaissantesles sur I'échelle de la connectivité
démographique dans les environnements marins résigt, et l'identité des principaux
facteurs responsables de la variabilité de la déspe larvaire reste méconnue. L'objectif de
cette these est de fournir de nouvelles informatida I'échelle de la dispersion larvaire dans
un milieu cotier, et d’évaluer le réle de I'envirement parental en tant que facteur de
variation de recrutement de larves au niveau lotal.modele d’étude choisi est une
métapopulation cétiere du poisson cloamphiprion polymnus qui s’étend sur environ 30 km
du littoral en Papouasie Nouvelle Guinée. Des aeslyde parenté ont été utilisées pour
retrouver les lieux de naissance des juvéniles etée cespece, a l'aide des marqueurs
génétiques hypervariables de type microsatellisgteOnéthode a permis ensuite d’estimer les
taux d'autorecrutement et de connectivité entresgmpulations au sein de la méta-
population. Le premiere chapitre de ce travail iét certains probléemes méthodologiques
liés a l'utilisation des analyses de parenté dasspbpulations naturelles, et a estimé I'effort
d'échantillonnage minimal nécessaire (en termesotebre de marqueurs génétiques) dans
cette métapopulation en particulier, afin d’attegune précision des assignations parent-fils
élevée (~ 94%). Dans un deuxieme chapitre, 'agtatement et la connectivité entre sous-
populations mentionnées précédemment ont été geandur deux années consecutives. Les
résultats de ce chapitre indiquent que dans cedtapuopulation coétiere, I'autorecrutement a
I'intérieur des sous-populations, est faible (~ 8% moyenne) mais peut étre tres variable
entre elles. Cependant, ces proportions sembletdtptonstantes dans le temps. Au niveau
de la métapopulation, et a difference des étudésédentes, la connectivité semble étre le
modéle dominant et non l'autorecrutement. Le téoms chapitre a permis de montrer pour la

premiére fois dans une population marine, que desefles plus grandes a l'intérieur de la



metapopulation contribuent plus de deux fois akuefement local que les petites femelles.
De méme, cette approche a permit de montrer qdédeadation de I'habitat peut avoir des
conséquences négatives sur la reproduction de egpice. Enfin, dans le dernier chapitre,
des données empiriques, obtenus au cours des relsaprecédents, ont été utilisées pour
estimer des parameétres démographiques de la ppulaurvie, fécondité et fréquence de
transition entre les différentes catégories déedaiEn suite, ces parametres ont été intégrés
dans un modele matriciel simple. Dans la suitechiéfle spatiale a laquelle cette
metapopulation devient équilibrée a été estimée @mimimum de 50 km de ligne de cote. De
maniere générale, les résultats de ce travail ennig de renforcer la notion que dans des
contextes géographiques ou I'espacement entre gtgnd est réduit, celles-ci fonctionnent
comme des systemes dynamiques ouverts, méme achedeéspatiale plutét élevée. De
méme, la comparaison de ces résultats avec dessétmdérieures suggere que la dispersion
larvaire chez les poissons de récifs coralliensragtuétre plus influencée par le contexte
géographique que par la spécificité de certaingstrdihistoire de vie. Enfin, dans une
perspective de conservation, les résultats de t&ite indiquent que protéger les femelles de
grande taille est crucial pour le repeuplementpigsilations marines et sont un argument en
faveur d’'une mise en ceuvre de stratégies de gestiorpermettront de restaurer et de
protéger la structure de taille/age des populatimasnes. Cette approche a également mis en
évidence que dans un habitat relativement conting, AMP de petite taille ne pourrait pas

étre considéeré comme autonome si les populatidastérieur de I'aire protégé sont épuisées.
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bleaching event. Bars represent mean (+ SE) egtuption per female that were laid next to

bleached (grey bars, n = 27) and unbleached (White n = 225. hadonni anemones.

CHAPTER 4 SECTION 2

Figure 1 Map of the study area showing 9 sites of anemggeegations hostingmphiprion
polymns. Dotted lines correspond to the limit of shalloeefs. Solid circles correspond to the
7 sites where complete surveys were carried obbth years. Open circles correspond to 2
sites that were partially sampled and for which désa were not included in the analyses.
Arrows represent individual trajectories of fisiiviae produced by 4 different females (each
colour represents one female) that were choseltustrate how different juveniles from the
same mother recruited both within and outside thatal site (only a few trajectories were
plotted because the full set would have saturabedimage making it unreadable). Site
abbreviations are as follows: Manubada Island (BEpn Island (LI), Taurama (TA),
Motupore north patch reef (MN), Motupore Island (MQoloata Island (LO), Loloata South
Bank (BA), Fishermen Island (FI), South East Ba8k). Inset: Location of Bootless Bay in
Papua New Guinea. Imagé&mphiprion polymnus colony in a Sichodactyla hadonni
anemone, courtesy of S. Planes.

Figure 2 Female size versus fecundity (Sum of the numbeeggs laid in 2 months)
measured in 2008. Resulting regression line froenrdduced Linear Model is shown (sqrt(y)
= 1.25x — 66.81. R?= 0.21, P<0.001, n = 79). Nb&t the smallest female that was observed
laying eggs was 68mm (TL) but was part of femaleth whcomplete observations. Only
values for females with complete observations vpéoted.

Figure 3 Initial female sizes (2008) versus the numbeuwgépiles that successfully recruited
in the population, produced between April 2008 @il 2009. Resulting regression line
from the reduced General Linear Model is shown(¢ipg 0.04x — 4.10. n= 58).
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Figure 4 Relative contribution of different size classestdtal egg production (white bars)

and local replenishment (number of juveniles).

CHAPTER 5

Figure 1 Map showing sites of the 7 anemone aggregatiosgrngpAmphiprion polymns in
Bootless Bay area (black filled circles) from whidémographic parameters were estimated
for the model. Inset: Location of Bootless Bay impBa New Guinea. Site abbreviations are
as follows: Manubada Island (BE), Lion Island (LT)aurama (TA), Motupore north patch
reef (MN), Motupore Island (MO), Loloata Island (),Qoloata South Bank (BA).

Figure 2 Graphic results of the matrix metapopulation matksdcribing the mean number of
femaleA. polymnus perpopulation (average of the 7 populations) eMetime steps (years).
A) Low survival scenario using data from table. BA High survival scenario using data from
table 1B. At each scenario simulation of local dyies (only self recruitment allowed) are
represented by diamonds; metapopulation dynammsal(lexchange among populations
allowed but no external input) are representedriangles; Metapopulation dynamics with
external larval input is represented by squarese Nwat the values of number of females per
population are lagtransformed. In this way from equation (2) thepsl@f the resulting lines
can be taken as an approximation of the intriresie of changer} of the metapopulation.
Figure 3 Relationship between population growth rate amdniimber of spatial units (1 unit
~ 10 Km) for low (open squares) and high (fillectk@s) survival rates. The broken horizontal
line indicates a stable demographic rate. ValuegroWwth rates for each of the individual

seven populations assuming only self recruitmemtsown near the origin of the x axis.
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CHAPTER 1

GENERAL INTRODUCTION



Perhaps one of the most studied yet least understomcepts in ecology and
evolution ismovement, whether it involves the relocation of individugtsopagules or genes.
Movement includes all activities where relocaticakds place, from daily patterns to
ontogenetic life transitions and from single indivals to whole populations (Clobert et al.
2001, Dingle and Drake 2007). Among all the pogsibims of movement, dispersal, which
includes movement from a natal place to a breeglage, or between two breeding places
(Clobert et al. 2001), is the most critical. Disgsrcan be a key factor limiting the local
distribution and abundance of species (Krebs 197&}erns of gene flow across space and
species biogeographic range (Ronce 20@H evolutionary time scales, dispersal can
determine patterns of genetic structure, diveraitg change, within and among populations
(e.g. Rocha et al. 2005, Waples and Gaggiotti 26@nmer-Hansen et al. 2007, Zamudio
and Wieczorek 2007, White et al. 2010a). For instanispersal can help mitigate the effect
of drift in small populations, decrease mutatioadpand thereby reduce the risk of extinction
(Tallmond et al. 2004). On ecological time scaldispersal plays a crucial role in the
dynamics of spatially structured populations (Hark¥94, Hanski 1998, Hill et al. 2002,
Hastings and Botsford 2006). It determines theggmguhic scale at which species interact
with their environment, respond to perturbationsl @volve in an ever changing world
(Kinlan and Gaines 2003). Despite its importarnikhe, magnitude and scale of dispersal can
be the most difficult biological parameters to restie.

Within the geographic range of most species, imdigls are usually distributed to
varying degrees into geographically discrete papria (Hanski 1998, Thomas and Kunin
1999, Kritzer and Sale 2004). Discrete populaticens result from spatial heterogeneity in the
distribution of suitable habitat or a variety oftuval or human disturbances that lead habitat
fragmentation (Fahrig 2003). The extent to whiclsth populations are linked by dispersal
(either larvae, juveniles or adults) is termed a@mtivity (Palumbi 2003). The behaviour of
spatially structured populations can be viewed asoatinuum from high connectivity
between patches to low connectivity with few dispérevents (Thomas and Kunin 1999).
The degree of connectivity can be influenced bg history characteristics such as larval
durations or adult migratory ability, physical faxg affecting dispersal distance and direction,
and the spatial configuration of habitat patcheg. (®lora and Sale 2002, Ayre et al. 2009,
Hellberg 2009, Shima et al. 2010, White et al. Z20Mhite et al. 2010b). Both the position of
population systems along this connectivity contmuand the dispersal ability of an organism
are major determinants of the dynamics of localyteons and the geographic range of a

species (Bowler and Benton 2005). However, in gdnef all the demographic information



required to model spatially discrete populationgftgyns of connectivity are the least
understood.

Connectivity can have different meanings and ingions depending on the scale
considered and how it is measured. From an evaolatio perspective, connectivity can be
defined as the degree to which gene flow affectdutionary processes within populations
(genetic connectivity) (Waples and Gaggiotti 2006yom an ecological perspective,
demographically connected populations are thoswhith population specific vital rates
(survival and birth rates) and population growttesaare affected by dispersal (Lowe and
Allendorf 2010). Demographic connectivity has beeknowledged as a vital parameter for
understanding the dynamics of populations, how thespond to natural and/or human
disturbances, and how to design conservation giestesuch as spatial closures or networks
of reserves (Roberts 1997, With et al. 1997, Schedgal. 2006, Hannah et al. 2007, Munday
et al. 2009).

Patterns of dispersal and connectivity are likeybe particularly important in the
ecology and evolution of marine species. Populatmirthe majority of marine organisms can
be associated with spatially discrete habitats aagltoral reefs, rocky reefs, seagrass and
even deep-sea hydrothermal vents (Rocha et al., ZD&%eras-Carbonell et al. 2007, Cowen
et al. 2007, Underwood et al. 2007, Ayre et al.208ellberg 2009, Puebla et al. 2009, Salas
et al. 2010, Vrijenhoek 2010). The majority of nma&riorganisms have complex life cycles
including dispersive larval stages. Patterns ofneativity can be strongly influenced by
hydrodynamic regimes (White et al. 2010a), larvahdviour (Gerlach et al. 2007), adult
movement (Neville et al. 2006) and the distributmfnhabitat patches (Pinsky et al. 2010).
The degree to which larval dispersal connects eiscpopulations will determine how
populations are naturally regulated and how thepead to natural or human disturbances,
such as exploitation or habitat loss (Mora and 28l@2, Kritzer and Sale 2004, Jones et al.
2007, McCook et al. 2009). Our understanding ofsitede of larval dispersal and factors that
explain natural variations of population replenigimnis still very limited. Such information
is needed to build accurate population models taet be integrated in to conservation
policies to develop more effective conservatiomtefgies such as marine reserve networks
(Roberts 1997, Sale et al. 2005a, Mora et al. 2006es et al. 2009b, Munday et al. 2009).

Obtaining direct quantitative measures of the nundfendividuals moving between
patches or populations is logistically challengimg marine systems, particularly for
organisms that have a tiny dispersive larval sthge is followed by a relatively sedentary

adult stage. Measuring exchange among populatgmen the small size of larvae and the



high dispersal potential in the ocean matrix, rereane of the highest challenges for marine
ecologists (Mora et al. 2003, Sale et al. 2005&).aAconsequence, most of the studies that
have addressed connectivity in marine environma@&wvarcome this difficulty by using
indirect approaches such as classic population tigenelarval behaviour ecology or
biophysical models (Swearer et al. 2002, Cowenl.e2@)7, Jones et al. 2009b). Classical
population genetics is perhaps the most widely usedhod to make inference about
population connectivity in marine environments. sTepproach remains effective to quantify
gene flow at evolutionary time scales (Waples andgdiotti 2006), identify major
biogeographic barriers (Planes 2002) and evolutioisggnificant units as well as cryptic
species and areas of endemism (Rocha et al. 20@7)he other hand, at the demographic
scale it provides little information on the maguiguof exchange among populations because
levels of gene flow that are required to impactlvitates are too high to leave detectable
genetic signals (differentiation) to accuratelyeinfdispersal rates (Waples and Gaggiotti
2006, Lowe and Allendorf 2010).

Biophysical models that integrate information on diodynamic processes,
demography and larval behaviour have been extdgsieveloped in the last decade. These
models have provided sophisticated predictionshef gotential magnitude and direction of
larval dispersal (Cowen et al. 2000, Cowen et @D&2 Treml et al. 2008). At the same time,
larval behaviour studies have revealed that malaneae have highly developed sensory
organs, respond to different chemical, sound asdalicues (Lecchini et al. 2005, Simpson et
al. 2005, Dixson et al. 2008), and also have weNetbped orientation and swimming
abilities (Leis and Carson-Ewart 2003, Leis 20@1)t most important, biophysical models
have shown that when passive particles are enalblatbvement following some simplified
behaviour rules, there are significant changefiénshape of dispersal kernels (Cowen et al.
2000). These advances have highlighted the impoetah obtaining reliable direct estimates
of demographic connectivity to understand the $icgmce of larval behaviour in dispersal
and to test how accurate are existing models fscriteng real dispersal kernels and how
they can be improved. However, only a few empirgtaldies have managed to obtain direct
estimates of self recruitment and none so far haisaged to obtain the description of a full
dispersal kernel (Jones et al. 2009b).

Among marine ecosystems, coral reefs are perhaps@the most threatened in the
planet. Overexploitation of natural resources, yiah and climate change menace these
fragile environments (Hoegh-Guldberg 1999, Hughed.€2003, Jones et al. 2004, Hughes et
al. 2005, Hoegh-Guldberg et al. 2007). Connectiatyld be compromised by increased



habitat fragmentation as a consequence of humaurlosices and climate change (Munday
et al. 2009). Hence, understanding the extent tclwtoral reef populations are connected in
the present and the factors affecting the magnitud® shape of larval dispersal will be
essential for implementing effective managemerdtatjies, predicting future scenarios and
adjusting strategies according to them.

New techniques have emerged such as otoliths nfieroistry, otoliths tagging and
parentage analysis allowing for empirical quanti&aestimation of demographic connectivity
(Jones et al. 1999, Swearer et al. 1999, Jonek 20@b, Almany et al. 2007, Planes et al.
2009, Saenz-Agudelo et al. 2009). Among these tquke parentage analysis is perhaps one
of the most promising ones. This approach allowsdeolution of dispersal trajectories at the
individual level (Jones et al. 2005) and providesuable genetic data that can be used to
answer other relevant ecological questions (Bustaa. 2007). However, parentage analysis
relies on theoretical assumptions that are sometidiféicult to meet in natural populations
(Marshall et al. 1998, Neff et al. 2000, Jones Ardten 2003). The effects of violating some
of this assumptions and the accuracy of this ambrofor estimating marine larval
connectivity has been seldom been quantified. igsthe accuracy of this approach in
different theoretical scenarios will be fundamentalvalidate and extend its use in this
discipline.

So far, empirical estimates of larval connectiwiytained with these methods have
been mostly restricted to single geographic locatiand estimates of self recruitment (Jones
et al. 1999, Swearer et al. 1999, Jones et al.,2ABBany et al. 2007, Planes et al. 2009,
Saenz-Agudelo et al. 2009). These studies have rshibat self recruitment can be more
important that previously thought, but none soifas managed to obtain direct estimates of
exchange among discrete populations and more stodialifferent species and locations are
needed before any general conclusions can be ndladeq et al. 2009b).

Besides the call for empirical descriptions of cectivity, there is also need to
identify the main factors that influence the shagfedispersal and the magnitude of
replenishment of marine populations (Mora and 24162, Sale et al. 2005a). In benthic
species with a larval phase, the number of posfilsters that will influence the reproductive
output of adults, the quality and survival of edifg history phases (eggs and larvae), and
eventually lead to dramatic fluctuations in reanent, is more than vast. However, there is
growing evidence that suggests that both the nuiblervae produced and their quality (e.qg.
survival, swimming performance, size, etc) are hyjgtifected by the combination of parental

genotype, phenotype and environment, defined aenpareffects (reviewed by Green 2008).



Among parental effects, particular attention hasnbpaid to female size and age. Besides a
positive relationship between female size/age aedridity, this trait has been shown to be
positively correlated to larval size and qualitye(Beley et al. 2004a). It is widely assumed
that parental effects should be maintained throtigh entire larval phase and influence
population replenishment, but this has not yet besified in wild populations. We are still
far from understanding the complexity of factorkeetfing larval fithess and we still ignore to
what extent maternal size effects could be compedday complex interactions.

The aim of this dissertation was to provide thestfiestimates of demographic
connectivity through larval dispersal for a coast&tapopulation of a coral reef fish species.
It describes fine-scale patterns of self-recruittreamd connectivity, and explores the role of
parental environment in local population replenishinusing a combination of genetic data,
parentage analysis and capture-mark-recapture ohethiois written as a series of chapters,
which consist of stand-alone, though conceptuallgrconnected papers. This study provides
new insights about the magnitude of larval retennd exchange in natural coral reef fish
populations, its patterns of spatial and tempowiation and the nature of some of the
sources of their variation via parental effects.

Field studies in this dissertation focused on theanda clownfish Amphiprion
polymnus), a relatively common coral reef fish distributsdoss the Western Tropical Pacific
that lives in close association with sea anemofsgsolymnus is a good model species fior
situ demographic studies. The particular life styleitefbenthic adult phase translates in a
very low mobility which in turn makes the obsereatiand manipulation of many individuals
relatively simple A. polymnus lays demersal eggs, a relatively common strategyng coral
reef fish, and the pelagic larval duration (~12gjayf its larvae is relatively short compared
to most marine fish. Given these characteristissiates of connectivity for this species can,
to some extent, serve as a baseline for other mariganisms.

| start in chapter 2 by testing the performance of parentage analystés genetic
assignment tests to estimate demographic connyctinder different gene flow scenarios. |
used a combination of real and simulated data teet®st these novel genetic methods,
evaluate how some deviations from theoretical agsioms influenced individual
assignments and estimated error rates linked tiststal tests under different sampling
conditions in order to obtain the optimal samplaffprt for this study.

In chapter 3, | used genetic data collected over two conseeugwars (2008 and
2009) in a coastal metapopulation systemA.giolymnus in Papua New Guinea and estimated

self recruitment and connectivity among sub popatet and described both their spatial and



temporal variation in this system. The choice @ tfeographic context (coastal environment)
was new compared to previous studies using simlkathods (Jones et al. 2005, Planes et al.
2009) and allowed to explore the importance ofglegraphic spacing to larval exchange.

In chapter 4, | explored the link between parental phenotypeeqal environment
and recruitment in this system. | was particulamyerested in investigating whether
variations in some of these parental charactesisfiwhether it was phenotype or
environment), that had already been shown to infieelarval quality under controlled
conditions (reviewed by Green 2008), explainededéhces in the contribution of individual
adults to the replenishment of the local populatibn addition, during one of the field
surveys, a bleaching event affected a third ofahemones been studied. This created an
excellent opportunity to explore the effects of iketbdegradation oA. polymnus dynamics,
focusing on reproduction and recruitment.

Chapter 5 was the compilation of most of the results froreious chapters in an
attempt to answer one simple but extremely importprestion of population dynamics: at
what spatial scale does a population (or metaptipanlaachieves self persistence and how
much self recruitment does this represents? | geeetic data gathered over the two years to
follow the fate of all fish present in the firstarethat survived to be counted one year later
and estimate specific vital rates (survival, cleategory transition, fecundity and migration).
| integrated this information in a simple deterratid model to explore the conditions (in
terms of spatial scale) for which demographic s$itglsould be achieved and how changes in
the observed connectivity patterns affected looplubation’s intrinsic growth rates.

Finally, 1 completed this dissertation with an grated conclusion of all the major

findings inchapter 6.



CHAPTER 2

TESTING NOVEL GENETIC TOOLS

This chapter is divided in two sections each of ciWhideals with a different
methodological aspect of using genetic tools toree marine connectivity. The first section
uses empirical data to evaluate the accuracy anpage analysis and assignment tests both
under a situation of high and low gene flow amomguiations. The second section uses
simulated genetic data to explore the effects fiédint levels of incomplete sampling both in
terms of individuals and genetic markers. Resutimfthis section were used to estimate the
number of genetic markers that were required teezelow assignment errors and were used

in all posterior analyses.



2.1.EMPIRICAL EVALUATION OF ASSIGNMENT TESTS AND PARENTAGE ANALYSIS UNDER

DIFFERENT GENE FLOW SCENARIOS

Publication: Saenz-Agudelo, P, G. P. Jones, S. R. Thorrold, and S. Planes..Z&&tmating
connectivity in marine populations: an empiricaalesation of assignment tests and parentage
analysis under different gene flow scenarMslecular Ecology 18:1765-1776.

ABSTRACT

The application of spatially explicit models of pdgtion dynamics to fisheries
management and the design marine reserves netwstiénss has been limited due to a lack
of empirical estimates of larval dispersal. Whilew genetic methods provide direct
estimates of self-recruitment and connectivityjrthecuracy in predicting these parameters at
spatial and temporal scales relevant to managemembcertain, particularly when model
assumptions are violated. Here we compared assigntasts and parentage analysis for
examining larval retention and connectivity undep tdifferent gene flow scenarios using
panda clownfishAmphiprion polymnus) in Papua New Guinea. A metapopulation of panda
clownfish in Bootless Bay with little or no genetidferentiation among 5 spatially discrete
locations separated by 2-6km provided the high géme scenario. The low gene flow
scenario compared the Bootless Bay metapopulatitim avgenetically distinct population
(Fst = 0.1) located at Schumann Island, New Brit&aip00km to the north-east. We used
assignment tests and parentage analysis basedaposaiellite DNA data to identify natal
origins of 177 juveniles in Bootless Bay and 73gnies at Schumann Island. At low rates of
gene flow, assignment tests correctly classifiagfuies to their source population. On the
other hand, parentage analysis led to an overdstimi self-recruitment within the two
populations due to the significant deviation fromnmixia when both populations were
pooled. At high gene flow (within Bootless Bay) igesnent tests underestimated self-
recruitment and connectivity among subpopulatioasd grossly overestimated self-
recruitment within the overall metapopulation. Hower, the assignment tests did identify
immigrants from distant (genetically distinct) pégiions. Parentage analysis clearly provided
the most accurate estimates of connectivity inasibums of high gene flow. Still, because
sampling a consistent fraction of potential parestémited in marine environments, further

research is needed to better evaluate parentagesiarfall potential and limitations.



INTRODUCTION

Marine coastal habitats are often discontinuous gpecies distributions can be
fragmented into spatially discrete populations. Tdgamics of these populations can
potentially be influenced byself-recruitment or local retention of juveniles within
populations, and byconnectivity, the degree to which these populations are linkgd
dispersal (Warner and Cowen 2002, Sale et al. 2005avels of self-recruitment within and
connectivity among populations on ecological timmalss are key factors affecting the
persistence of marine metapopulations and theilienese to local disturbance (Armsworth
2002, James et al. 2002, Hastings and Botsford )200ptimal design of spatially explicit
management strategies for marine species, includiagne protected areas (MPAS), is also
contingent on the extent of population connectiitpckwood et al. 2002, Hastings and
Botsford 2003, Sale et al. 2005a). In benthic-ageadnmarine species which are often
relatively sedentary as adults, population conmigtiargely occurs during a larval phase
that extends from reproduction to the completionthed settlement process (Cowen et al.
2007). While an increasing number of methods fstineating population exchange on
ecological time-scales are available, the accutddpe different methods and the degree of
concordance among them are seldom known.

Population genetics is the most widely used apprdac making inferences about
dispersal and connectivity in marine organisms r(@a2002, Van Oppen and Gates 2006,
Hellberg 2007). Estimates of connectivity basedjene flow have also being used to inform
the design of marine protected area networks Ratumbi 2003). However, while clearly a
suitable tool for measuring gene flow on evolutigni@me-scales, population genetics cannot
always distinguish between contemporary and hisgbrgene flow. Standard estimates of
migration among populations are increasingly ina&i@iat scales where there may be limited
population differentiation (Hedgecock et al. 200Estimates of dispersal also rely heavily on
theoretical models of population structure, suchVasght's island model, which are based on
many assumptions that may often be violated inrabpopulations (Hedgecock et al. 2007).
Given that successful management may be reliagfood estimates of population exchange
between local populations and successive genesattbe accuracy of different approaches
needs to be evaluated.

The recent proliferation of molecular and statatiiols has led to the application of
genetic tools to provide direct estimates of cotimig in marine populations (Manel et al.

2003). These genetic approaches focus on the assignof individuals to populations of
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origin (assignment methods) (Carreras-Carbone#ll.e2007, Underwood et al. 2007) or to
specific parents (parentage analysis) (Gerber. 2080, Rodzen et al. 2004, Jones et al. 2005,
Castro et al. 2006) Direct estimates of retentad connectivity using assignment tests or
parentage analysis can be applied using hypenlariabolecular markers such as
microsatellites. In assignment methods, an ind&ida assigned to the most likely source
population, based on the expected frequency omiililocus genotype in various putative
sources. The typical assumptions of this approaelhat all potential source populations are
defined in advance, sampled randomly and do noartldppm Hardy-Weinberg or linkage
equilibrium. Newer statistical approaches that usaximum likelihood and Bayesian
methods involve fewer assumptions and provide higissignment accuracy (Manel et al.
2005). While it has also been suggested that tlapgeoaches are more effective when
migration is low (Nm < 5) (Waples and Gaggiotti Bp@nd consequently genetic structure is
high (Underwood et al. 2007), the accuracy of assgnt techniques at identifying natal
origins at small spatial scales has rarely beemeed.

In parentage analysis, individuals are assignedn® single parent or parent pair
usually using a likelihood-based approach to seleetmost likely parent from a pool of
potential parents (Jones and Ardren 2003). The rcamstrain of this approach is that
parental allocation success declines dramaticadlythe proportion of sampled candidate
parents drop (Marshall et al. 1998). However, méshbave recently been developed that
allow to deal with incomplete sampling (Gerber ét 2003, Duchesne et al. 2005). In
addition, parentage analysis assumes that theranom mating in the population. This
assumption of panmixia is often violated in wildopdtations at larger spatial scales, but to our
knowledge no empirical studies have tested for dbesequences of this violation when
parentage models are used to study natural popusati

Coral reef environments are extremely patchy asdleat populations of reef fishes
can be spatially segregated at small spatial sciles kilometres to 10's of kilometres
(Hellberg 2007). Although fishes have pelagic #rdurations that may last weeks to
months, recent empirical evidence suggests a heghee of local retention of larvae (Jones et
al. 1999, Swearer et al. 1999, Paris and Cowen,2lfi#es et al. 2005, Almany et al. 2007).
Standard population genetic techniques vary inr takility to estimate self-recruitment and
connectivity at these small spatial scales (Pld&#3¥), and the application of assignment
tests and parentage analysis has been limitedn{Baat al. 2005, Gerlach et al. 2007,
Underwood et al. 2007). Jonetsal. (2005) directly estimated levels of self-recrwgtmin a
clownfish by combining parentage analysis and chahtagging and found similar results

11



with the two methods. More interestingly, they highted that parentage analysis can
provide high resolution connectivity informationdadirect estimates of dispersal distances at
the individual level. However, while promising, etheffects of violations in model
assumptions require further investigation.

The aim of this study was to evaluate and compstienates of self-recruitment and
connectivity from assignment tests and parentagdysis under two different scenarios of
gene flow. First, we considered a high gene flownsecio using genetic data from five
spatially discrete subpopulations of the panda ofli Amphiprion polymnus in Bootless
Bay, Papua New Guinea. Then, we considered a & §ow scenario by adding a data set
from a genetically distinct population (Schumanansg) located more than 1,500 km away in
the Bismark Sea (Jones al. 2005). As dispersal between the two locationexisemely
unlikely, pooling the two locations provided a mgdn evaluate the effect of violating the

assumption of a panmitic population when classgyparent-offspring relationships.

METHODS
Study species and location

The panda clownfishAgmphiprion polymnus) is a Southeast Asian endemic fish that
lives in close association with discrete aggregatioof two species of anemones
(Stichodactyla hadonni and Heteractis crispa) that occupy sandy habitats associated with
coral reefs (Fautin & Allen 1992). Each anemonessally occupied by one breeding pair
and up to eight smaller subadults and juvenilese Tdmale (the largest individual) lays
demersal eggs on the upper surface of shells @ ceal next to the anemone. The embryos
develop over a period of 6-7days before hatchirgu(ii and Allen 1992) and late stage
larvae settle into anemones after a pelagic lapbase lasting 9-12 days (Thresher et al.
1989).

We used genetic data from two separate populatstems in Papua New Guinea.
The first system was located at Bootless Bay, neBdrt Moresby (Figure 1) and consisted
of a metapopulation of five discrete subpopulatianth no individuals found in adjacent
sand or coral habitats. Each population was codftoea discrete ~1ha patch of shallow sand
and sea grass separated from the other subpomsabip 2 to 6 km. At each site an
exhaustive search for all anemones colonisedAbypolymnus was made. A total of 85
anemones and 281 adult and subadiltpolymnus were distributed among the five
subpopulations (Figure 1). The second system wadd at Schumann Island (Kimbe Bay,

New Britain) over 1500 km to the north east of Best Bay. Genetic data from Schumann
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Island published by Jonesal. (2005) was used to compare the utility of assigmrests and
parentage analysis to correctly assign juvenilegdographically distant populations. The
Schumann Island population consisted of 40 aneman@é<85 adulA. polymnus confined to

a 1knf sand flat adjacent to the island.

Schumann Island

Papua do I

{ New Guinea

Bootless Bay

Bootless Bay

Figure 1 Satellite image showing the sites of five subpapahs of Amphiprion polymnus within
Bootless Bay. The number of anemones Apdlymnus (adult and subadult) at each site are indicated
in brackets. Inset: Location of Bootless Bay amthusnann Island study locations in Papua New
Guinea.

Sampling and genotyping

A total of 458 individuals (281 adults and subasl@hd 177 juveniles), representing
between approximately 85 and 95% of each of thepsuldations, were sampled after
extensive searches at each of the five sites.e&ident fish (adult and sub-adult individuals)
from the five sites were sampled in December 20@xach individual was captured on
SCUBA using hand nets, fin clipped underwater de,sand then released on the same
anemone as captured. All juveniles present at eam@mone were captured in December
2005, and at three additional times (January, Amild June 2006). All samples were
preserved in 95% ethanol and returned to the latwyrdor subsequent genetic analyses. The

genetic data set for Schumann Island comprisedrdi@iduals (85 adults and 73 juveniles).
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Adults were fin-clipped in June 2003, and all jules settling over a three-months period
between August-October 2003 were sampled (see &ak2005 for details).

Details of genotyping procedure are described inef@@uille et al. 2004). After DNA
extraction, 3 multiplex polymerase chain reactiRE€Rs) were performed per individual,
using fluorescently-labelled primers to procesariidrosatellite loci containing a mixture of
dimer and tetramer repeats. PCR products were ggedeon a Beckman Coulter sequencer
CEQ 8000 Genetic Analysis System and the resulBfegtropherograms were scored
manually. Uncertainties were resolved by reamg@tfm and comparison. Alleles were
scored as PCR product size in base pairs. Nonkeo637 individuals screened shared the
same diploid genotype. Allelic frequencies, aflefiatterns and expected heterozyosities
under Hardy Weinberg equilibrium were calculatedGanALEX version 6 (Peakall and
Smouse 2006). Tests for Hardy-Weinberg and linkdigequilibrium were conducted using
GeNeEPOP 3.4. (Raymond and Rousset 1995) and significangeldewere adjusted with
sequential Bonferroni corrections for multiple geafith p< 0.05.

A table describing the number of samples, numbaallefes, observed and expected
heterozygosity for each adult and juvenile grouptted ten other loci are shown in the
supplementary data (Table 5). While heterozygefecids were present in at least one site at
3 of the 10 remaining loci, consistent heterozygtacits were detected across all sites only
for one locus (loc 2). This deficit suggested pihesence of null alleles and consequently this
locus was also excluded from all subsequent argaly&il 9 remaining loci were considered
statistically independent since no linkage diseuim between loci pairs was observed
after Bonferroni correction. One locus was excludeecause of difficulties during

genotyping.

Population structure

We usedF statistics via analysis of molecular variance (AWK) to measure the
proportion of total genetic variation that is gesggnically structured within Bootless Bay, and
between Bootless Bay and Schumann Island. Thisysisalvas performed in ENALEX
version 6 (Peakall and Smouse 2006) and partitidmeédmount of genetic variation between
regions (Bootless Bay and Schumann Island), amdag and within sites with respect to
different alleles [est). For this analysis only the genotypes of adall subadult individuals
were used (juveniles were excluded). Tests foissizdl significance for all estimates were
based on 1Drandom permutations, and significance levels wetieséed with sequential

Bonferroni correction for multiple tests. In orderfacilitate comparison with other studies,
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standardized pairwiseést values were estimated using the AMOVA framewaskdescribed
in Meirmans (2006). Lastly, to visualize these dieneelationships among sites, a genetic
distance matrix derived from the pairwibst estimates was used to construct a principal

coordinates analysis (PCA) graph iENALEX.

Assignment tests

Assignment of juveniles was carried out usingNEcLASS (Piry et al. 2004) under
the Bayesian assignment method of Rannala & Maur{e©97). This method performs
better in assigning/excluding individuals to thewmrrect population of origin than other
likelihood-based and distance-based methods (Comiual. (1999). Adult and subadult
genotypes of each of the five sites from Bootleag 8nd Schumann Island site were used as
reference populations. Juveniles from all sitesewtien either assigned or excluded from
each of the populations. We used the Monte CaHsarepling algorithm (n = 10,000) of
Paetkatet al. (2004) to generate statistical thresholds to aetiguveniles could be assigned
or excluded. Juveniles were considered immigraritsnathe probability of been assigned to
any population was lower than 0.05 (type | errivhen a juvenile showed probabilities of
assignment greater than 0.05 to only one populatiomas assigned to that population.
Finally, when a juvenile was assigned to more tha@ population (with p> 0.5) it was left

unassigned.

Parentage analysis

Parentage analysis was performed usingdz (Gerber et al. 2003). The program is
based on the calculation of LOD (Log of the odd®}acores for parentage relationships and
the construction of statistical tests for parentagsignment. These tests are based on
simulations that generate offspring from genotypacents (Ho: the most likely parent is the
true parent) or from allele frequencies in the papon (Hi: the most likely parent is not the
true parent). Evoz allows for the introduction of an error rate irethOD score calculation
that takes genotyping errors and null alleles imtoount (Gerber et al. 2000). It has been
shown that introduction of this error, even if iiderestimated the true error rate, can reduce
type | and type Il errors related to the parentsgts (Gerber et al. 2000, Morrissey and
Wilson 2005). We evaluated four different erroesato choose the best compromise between
introduced error and type | and type Il statistiealors. An error rate of 1Dyielded the
lowest statistical type | and type Il errors usthg Bootless Bay dataset (Table 1) and was

used for all parentage analysis. Tests evaluatiwese done using the software option
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“parentage test simulation”. Thirty test simulasomere made for each error rate in order to
evaluate mean type | and type |l statistical errors

Table 1 Effects of variation of LOD score introduced &ran parentage assignments for the Bootless Bay
population. Four different error frequencies wevaleated. For each frequency, the number of assgtsnn
relation with the number of mismatches per assigringepresented as well as the estimation of typad I
statistical errors based on 30 simulations of treptage.

Simulations
Introduced error Error estimation (%)
Type | Type Il
0.01 38+4.8 0.1+0.3
0.001 5.8+1.2 8.1+1.3
0.0001 1.9+0.5 8.8+1.3
0 1.4+0.3 9.3+1.8

To test the effect of violating the assumption ofsiagle panmitic population,
parentage analysis was done as follows: First, IBs®tBay and Schumann Island were
analysed separately. Second, both datasets (Bedbs and Schumann Island) were pooled
together. For each analysis, allelic frequenciesevestimated from the corresponding adult
and subadult genotypes and these estimations weuenad to be close to the real population
allele frequencies (Gerber et al. 2003). For eamdyais, simulations of sets of “L@ew
recruits were made under the two possible hypothase subsequent statistical tests were
constructed to decide whether a given parent wbeldselected as the true parent or true
parent pair. The distribution of the simulated L@Bores under the two hypotheses was
plotted and the intersection between them was usedthe threshold decision value
(individuals with LOD scores above the thresholtligavere accepted as true parents).

Finally, because the presence of full sib or hidifrelationships can significantly bias
parentage analysis (Marshall et al. 1998, JonesAadden 2003), all subadults less than
50mm standard length were excluded from the arglydihile size at the beginning of sexual
maturity is not known forA. polymnus, individuals of a con-generic speciesnhiprion
clarkii) under 50mm are sexually immature (Hattori and afpsawa 1991), and therefore
sub-adults of this size are more likely to be eithdl or half sibs of juveniles than to be

parents.
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Effect of number and level of polymorphism of locused

To explore the sensitivity of each method to thenber of loci used, we repeated the
analyses excluding the two and four least polymiorpbci and the two and four most
polymorphic loci from the data set. Then we comgdhe percentage of assigned, unassigned
and excluded juveniles at each case for assigntasts. In the same way, we compared the
statistical error (type | and type Il) in parentagelysis by simulating parentage tests when

two or four loci were excluded.

RESULTS
Population structure

The AMOVA partitioned 9% Krt= 0.095) of the genetic variation between Boatles
Bay and Schumann Island which was significantlyedént from zero (p< 0.001). Genetic
variation among sites within regions was 1BfsE 0.011) of the total variance and it was also
significantly different from zero (p< 0.001). Fdret low gene flow scenario, pairwigest
comparisons showed significant differences for &udmon Island with all the Bootless Bay
sites Fst values ranging from 0.092 to 0.111 - Table 2y the high gene flow scenario
within Bootless Bay, the Taurama site showed simatlsignificant differentiation from the
other four sites (Lions, Loloata, Bank and Motuposgth Fst values ranging from 0.016 to
0.026. We found no significant genetic differentiatamong individuals at Lions, Loloata,

Bank and Motupore.

Table 2 A) PairwiseFst estimates between sites fAr polymnus at Bootless Bay and Schumann Island.
Estimates in bold indicate significance based ohpdmutations after sequential Bonferroni correwi¢p <
0.05 for all significant comparisonsB) Standardized pairwis&st values estimated using the AMOVA
framework (Meirmans 2006).

A Bootless Bay
Bank Lions Loloata Motupore Taurama
Bank -
Lions 0.007 -
Loloata 0.006 0.005 -
Motupore 0.007 0.000 0.003 -
Taurama 0.026 0.017 0.021 0.016 -
Schumann 0.111 0.099 0.104 0.101 0.092
B Bootless Bay
Bank Lions Loloata Motupore Taurama
Bank -
Lions 0,029 -
Loloata 0,022 0,020 -
Motupore 0,029 0,000 0,013 -
Taurama 0,109 0,078 0,091 0,067 -
Schumann 0,498 0,483 0,495 0,462 0,459
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The Fst PCA plot (Figure 2) showed a close relationsimpong Bootless Bay sites,
with Taurama been slightly separated. Schumanndskeas clearly genetically distinct from

all Bootless Bay sites, reflecting its geograpl@pagation.

F st
¢ Taurama
N
©
o e & Motopure
8 <@ SCIiararn 'LIOI"IS
*
Loloata Jetty
*
Loloata Bank
Coord. 1

Figure 2 Plots of principal coordinate analysis calculaitedlGENALEX from standardized distance matrix of
pairwiseFst estimates between sites: the first two axesa@xPl9% of variation.

Assignment tests

Low gene flow: The assignment method was able to exclude afiniles sampled in
Bootless Bay as being immigrants from Schumanmdklgith a probability> 95% (Table 3).
Likewise, all juveniles from Schumann Island excepte were excluded from being
immigrants from Bootless Bay (p 95%). However, the one juvenile from Schumanmisla
was incorrectly assigned to Bootless Bay (Lolo&t) svith low probability (p = 0.08).

High gene flow: Within Bootless Bay, 13 juveniles (7%) had a @obty greater than
0.05 of belonging to only one of the five sites amete assigned to that site. A further 146
individuals (82%) had a probability greater tha@50of belonging to more than one of the
five sites within the bay (but were excluded frooh@mann Island) and were assigned to the
Bootless Bay metapopulation as a whole. In additidnjuveniles (8.5%) had a probability
lower than 0.05 of belonging to any site and wersighated as being immigrants. Finally, 4
juveniles had a probability greater than 0.05 olobging to either Schumann Island or
Bootless Bay and were left unassigned. Within Sa@mumisland, 60 juveniles (70%) were
assigned as having originated from the Schumammdspopulation, while 24 (28.2%) were

excluded from both Bootless Bay and Schumann Islpopulations and designated as
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immigrants. One individual was assigned to bothu8@mnn Island and Bootless Bay and was

left unassigned.

Table 3 Results of assignment analysis witBENECLASR. Juveniles were assigned to one of the six plessib
sites (sample size in brackets) if the likelihoddteeir genotype occurring in that site was gredtamn 0.05,
when compared to a distribution of “16imulated genotypes from that site. Juveniles baat a likelihood
superior than 0.05 were considered to have beiigjnated from one of the sampled sites. Probabiity
belonging to the assigned population is given eckets. If an individual’s likelihood was greathan 0.05 for
more than one of Bootless Bay sites it was assidgoeBootless Bay as a single unit (all five sitd§)the
likelihood was greater than 0.05 for both BootlBsy and Schumann Island it was left unassignedeniles
with a likelihood less than 0.05 in all sample@sitvere assumed to be immigrants.

Sampling Assigned population . ]
site Immig  Unassig
Ba Li Lo Mo Ta Bootless Sch
Ba(28) 0 1018 008 7018 100 24 0 1 1
Li(16) 0 1©% o 0 0 13 0 2 0
Lo(45) 0 0 0 2 10 40 0 3 0
Mo(59) 0 10 o 2 Qa2 $i 47 0 4 3
Ta(28) 0 0 0 0 1008 22 0 5 0
Sch(73) 0 0 1@ o 0 0 51 21 1

Parentage analysis

Low gene flow: Parentage analysis was not robust to the dewiatio panmixia
introduced by pooling samples from Bootless Bay SoHumann Island (Figure 3). For the
pooled data set, 39 out of 44 (88.6%) juvenilesgassl to parents in Bootless Bay (B) were
reassigned there. Five individuals previously assigto Bootless Bay were excluded, while
10 new juveniles from one of the five sites witlnotless Bay were assigned to Schumann
Island. Also, one individual from Schumann Islamds assigned to a parent from Bootless
Bay (Figure 3A). When the Schumann Island data wested separately (S), 23 out of 75
juveniles (31.5%) were assigned to one of the 8Bpéad parents. When these data were
pooled with the Bootless Bay data (B+S), only 1%epiles assigned when the Schumann
Island data were run independently were again asdiga parent from Schumann Island.
Additionally, 31 individuals were assigned withichsimann in this test and two juveniles
from Schumann Island were assigned to parents atl@&s Bay (Figure 3B).

High gene flow: We examined the possible effect of the slightegiendifferentiation
among sites in Bootless Bay on the outcome of pagenanalysis by analysing the data set
with and without the site (Taurama) that was gead§i distinct from the other four sites.
When parentage analysis was conducted using theg sithin Bootless Bay excluding
Taurama (B), 26 out of 149 juveniles were assigimedenotyped parents from these sites.

When individuals (adults and juveniles) from Tauaawere included in the analysis (B+T),
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24 of the assigned juveniles from the previous y@ml(92%) were reassigned to the same
parents. The LOD scores (3.22 and 3.27) of the jtweniles that were not assigned to
parents in the pooled analysis were, however, dimske threshold decision value (3.2). An

additional 20 juveniles were assigned to parewis ffaurama when this site was included.

A B
60 - 60 4
50 + 50 +
40 % 40 1
30 4 30 4

20 A 20 4

N° juveniles assigned

10 - 10 -

Test

Figure 3. Parentage analysis results usimgubz software.A) Number of juveniles assigned in Bootless Bay
when the test was done using genotypes from BeoBay excluding Taurama (B), Bootless Bay all s{@&T)
and Bootless Bay and Schumann Island (B+T+S). Catusihow assignments divided in to five categofigs:
Juveniles assigned when test was done excludingafreu(B) (white fill). (i) Juveniles reassignedtiin the
four previous sites when Taurama was included (B@sfuared fill). (iii) New juveniles assigned taffn
Taurama (gray fill). (iv) New assignments withiretfour sites dataset that were not reassigned Wwharama
was included in the test (dashed fill). (v) Juvesifrom Schumann Island assigned to Bootless Bagl(ill).

B) Juveniles assigned when the test was done usmgfygees from Schumann Island alone (S), and Schaman
Island and Bootless Bay (S+B). (i) Juveniles assigwhen test was done only with S (white fill)) duveniles
reassigned within S when Bootless Bay was incluggdy fill). (iv) New assignments within Schumanrat
were not assigned in test S (dashed fill). (v) diles from Bootless Bay assigned to Schumann Is{afatk
fill).

Number of loci and degree of polymorphism

We tested the effect of reducing the number andityua loci for the assignment test
under the low gene flow scenario, and for parentagalysis under the high gene flow
scenario. The performance of both methods under dpposite scenario was already
unsatisfactory and therefore we did not consideralternative scenarios further. From the 9
loci from our data set, we chose the four loci witle lowest number of alleles as low
polymorphic loci (loci: 65, 120, 61 and 55. Incregs number of alleles respectively).
Likewise, the four loci with the highest number alleles were selected as the high
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polymorphic loci (loci: 10TCTA, 79, 3GATA and 44. ebreasing number of alleles
respectively) (see supplementary data Table 1dtaild on number of alleles per loci)
Removing two and four low polymorphic loci had telaly little impact on results from the
assignment test compared to results when high pmyiic loci were excluded (Figure 4A).
The proportion of juveniles assigned to the popatatvhere they were sampled dropped by
6.4% when excluding two low polymorphic loci and BY8% when excluding 4 low
polymorphic loci. When excluding 2 and 4 high pobnaphic loci, juveniles assigned to the
population where they were sampled dropped by 13afb by 40% respectively. The
proportion of juveniles left unassigned (with a lpability of assignment > 0.05 to both
populations) changed little when 2 or 4 low polyptoc loci were excluded compared to
when all loci were used. On the other hand, as raam2.8% of the juveniles was unassigned
when the 4 high polymorphic loci were excluded. Peecentage of juveniles excluded from
both populations (with a probability of assignmeft05 to both populations) did not change
dramatically in any of the four cases.

In parentage analysis, the effect of excluding hégid low polymorphic loci was
similar as in assignment tests (Figure 4B). ExcigdR low polymorphic loci had no
significant effect on error rates. Excluding 4 Ipwlymorphic loci had an increase in error
rate similar to when 2 high polymorphic loci wergckided. Finally, excluding 4 high
polymorphic loci resulted in dramatic increase ybet | error (~ 57% of wrong assigned
parents). For both cases, excluding two high pohahio loci had an effect similar as when

excluding 4 low polymorphic loci.

DiscussION

We have demonstrated that the ability of differgeetic techniques to identify natal
origins of juvenile coral reef fish depends criligaipon the levels of genetic structure within
and among focal populations. Standard measuremilation differentiation revealed the
two distinct gene flow scenarios tested in thigigttOn one hand, gene flow was extremely
limited (Fst ~0.1) between Schumann Island and Bootless Baulations ofA. polymnus.
The result was not surprising that the populatisese located in different ocean basins
separated by over 1,500km and that the pelagi@llaturation of this species is 9-12 days
(Thresher et al. 1989). Simil&st values have also been described for differeptifadions

of the same geny&mphiprion melanopus) with similar geographic separation (Doherty et al
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1995). While there may be some gene flow on evahatiy time-scales, this is likely to be of
little relevance to local population replenishmentmanagement. On the other hawethin

the Bootless Bay we found little evidence for genstructure among subpopulations at 5
sites 2-6 km apart. However, one of the sites (@ma) was significantly different from the
four other sites in the bay even thouggt values were small. This was an unexpected result
given its proximity to the other populations, altigh it is perhaps the most isolated of the
five subpopulations (Figure 1). Another possibleplaration is that the small genetic
difference could be due to stochastic variabilityréproductive success of past recruitment
episodes (Orsini et al. 2008) rather than reprodeigsolation of Taumara from the other
Bootless Bay sites. Further information is neeedistinguish between these hypotheses.

A
100 - O Assigned to same

8 population as sampled
'g 80 = — @ Assigned to both
3 ] populations
= 60 -
s) m Assigned to different
s -
%’ 40 - population as sampled
‘g‘ Excluded from both
o 20+ populations
o}
o

O T T 1

all loci  without 2 without 2 without 4 without 4
low high low high

B

1 —
& 0,8 A
c
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o
b 0.4 - mtype |
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0 —_-I+| T T T 1
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Figure 4. A) Assignment test results under the low gene flosnado (Bootless Bay vs. Schumann Island)
using different set8) Parentage analysis error rate estimates undéighegene flow scenario using different
sets of loci (estimated by test simulations in Farow each case). The lines on each bar represerstandard
deviation after 30 test simulation replicates. @ifeerent sets of loci used were: 2 low = two I®ive
polymorphic loci (loci 120 and 65). 4 low = foumiest polymorphic loci (loci 120, 65, 55 and 61high = two
highest polymorphic loci (loci 10TCTA and 79). 4hi= four highest polymorphic loci (10TCTA, 79, 3GA
and 44).
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Low gene flow scenario

We expected the assignment test to perform wellnwdiassifying individuals from
well differentiated populations given previous Hesdrom simulated data (Cornuet et al.
1999, Waples and Gaggiotti 2006) and from empirgtadies on populations with strong
genetic differentiation (Underwood et al. 2007).r@asignment tests between Bootless Bay
and Schumann island populations also support thisclasion. Out of 244 juveniles
classified, almost all were assigned to the redigugulation where they were collected.
Only one juvenile from Schumann Island was assigiedhe Bootless Bay population,
although the assignment probability of this juvenitas fairly low (0.08) and close to the
decision threshold (0.05). Given the distance betwthe populations, we consider this
individual to be wrongly assigned by the test.

Alternatively, parentage analysis was not robusth® deviation in panmixia that
results from assigning parentage across two diffexeed populations. When pooling both
populations together, the proportion of parentsgassl by both tests (each population
separately and both populations pooled) was relgtiow (89.6% for Bootless Bay and only
65.2% for Schumann Island). Also, a considerablalmer of juveniles that were not assigned
when the test was done within each population \@esggned when the two populations were
pooled (20% at Bootless Bay and 67% at Schumammd$l These new assignments were
mostly to parents in the same population as thenies were collected in, although 3
juveniles were also assigned to parents in thergibpulation. Given that levels of self-
recruitment at Schumann have independently beefiricmd in larval tagging studies (Jones
et al. 2005), these additional parent-offspring relatiops are most likely errors.

Parentage analysis assumes that all offspring arehfs in the data set belong to the
same population and LOD scores are estimated ubisgpopulation’s allele frequencies
(Gerber et al. 2000). Our results show clearly gighificant changes in allele frequencies
have major effects on parentage assignments.notsworthy that in our study, changes in
allele frequencies on parentage assignments irextelli® number of wrong assignments in
higher proportions than they excluded correct ass@nts (considering that almost all
assignments obtained under each separate test amerect). These results suggest that
parentage analysis is not appropriate for low dgéne scenarios, where analytical methods
such as assignment tests appear to have greditgr uti
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High gene flow scenario

The degree of population differentiation in Boosldday was clearly insufficient for
assignment tests to discriminate among subpopuktidhe tests failed to assign most of the
juveniles to any one of the five subpopulationslyGa small number of individuals were
assigned to only one of the sites (13 juvenileshgared to the number of juveniles assigned
to at least two sites within the bay (146). Overtle numbers of recruits assigned to the
Bootless Bay metapopulation and to Schumann Isl&eré gross overestimates relative to the
parentage analysis. In Bootless Bay, given thatrdraa had a small but significant genetic
signal, we expected that assignments probabifitees or to this site would be greater than to
the other sites. However, we found no differencevben the assignment probabilities from
juveniles assigned to Taurama and juveniles assigméhe other four sites. Also, from the
13 juveniles assigned to only one site, only thneme assigned to the same site as the
juveniles assigned by parentage analysis at théd.le

The level of accuracy of assignment tests in oudystmay be lower than those
recorded in the literature. For example, usingusted data Cornuet al. (1999) showed
that Fst values as low as 0.01 could yield to ~ 40% ateuassignment with this method.
Carreras-Carboneét al. (2007) using microsatellite data dnpterygion delais in the NW
Mediterranean Sea had a similar problem when atiempto assign individuals to
populations that were not genetically differengvieg ~30% of fish with unknown origins
unassigned.

Parentage analysis can be considered as the metlobdice for estimating retention
and connectivity in small, spatially discrete, lgénetically similar populations. Unlike
assignment tests, they produce high-resolutiorepettof self-recruitment and dispersal, and
estimates of self-recruitment that have been indeégetly tested i\. polymnus using larval
marking (Jonegt al. 2005). Although local genetic heterogeneity wasotential problem,
the slight modification of allele frequencies calidgy including and excluding the most
genetically distinct site at Bootless Bay (Taurarhag little effect on our estimates of
parentage within the four other subpopulations.uRgg$or two juveniles apparently produced
by parents from Bootless Bay when the analysis aage without Taurama were reversed
when Taurama was included. These individuals haB IsCores close to the threshold value
and therefore the probability that the identifiedrgmt is the right parent is just slightly
superior to that of identifying a wrong parent fréime population by chance. There were also
missing alleles in the genotypes of these juveraled we therefore suspect that changes in

allele frequencies when including Taurama in thalysis had no significant consequences.
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This is encouraging because evidence of geneticctate at fine-spatial scale is more
common than previously thought in natural populai¢Fredsted et al. 2005, Neville et al.
2006, Zamudio and Wieczorek 2007).

The overall levels of self-recruitment and immigoat for the two populations as
estimated by assignment tests and parentage analysie very different (Table 4).
Assignment tests found 159 juveniles (90.3%) weterning to Bootless Bay populations,
and in Schumann Island the self-recruitment esemeds 70%. Parentage analysis, on the
other hand, generated self-recruitment estimate566 and 31.5% in Bootless Bay and
Schuman Island populations, respectively. We belidgnat estimations of recruitment at this
scale based on assignment tests should be tre@tedaution. When estimating recruitment
in marine environments at an ecological level vgémetic tools, we assume that the genetic
population is larger and extends further than #r@alyraphic population under study.

Dispersal can maintain genetic homogeneity oviatively large distances (Fauvelot
and Planes 2002) and assignment tests may clagsigniles from the larger genetic
population to the local population of interest. Ttliscrepancy between self-recruitment
estimates from assignment tests and parentage sedbr Bootless Bay and Schumann
Island suggests that close to 65% and 40% respctv juveniles assigned byERECLASS?
originated from nearby, genetically similar popidas. It is also possible that our parentage
analysis has underestimated self-recruitment, sscather members of the local populations
have yet to be discovered. Other studies of cl@hnhave shown estimates of self-

recruitment as high as 60% (Almany et al. 2007).

Table 4. Comparison of the different estimates obtainedh wach of the two methods under the high gene flow
scenario.

Within sites Local Overall self . .
Method Self-recruitment connectivit recruitment Immigrants/ unassigned
y
Bootless Bay
Assignment 2.2% 5.1% 90.3% 8.5% / 2.2%
Parentage 10.0% 15.0% 25.0% 75.0%
Schumann
Assignment 69.9% 28.8% /1.4%
Parentage 31.5% 68.5%

The assignment method performed bsn&cLASS has the advantage that it takes in
to account the possibility of not having sampleldpatential populations (Piry et al. 2004).

Using this procedure, we found that 8.5% of the meeruits sampled in Bootless Bay and
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28.2% of new recruits from Schumann Island cammn fdistinct genetic populations that we
failed to characterize. Even if the origin of th@geeniles cannot be established, the fact that
they were excluded from all sampled populations maethat their population of origin is
likely to be distant and genetically distinct frahe other incorrectly classified individuals,
which are likely to have dispersed from nearby pajans. The genetically distinct
individuals could have travelled long distancesobefsettling on the anemones and therefore
correspond to the tail of the distribution of ratment versus geographic distance. As this
information cannot be obtained using parentageyaizalassignment tests may represent a
useful technique for defining the tail end of thepérsal kernel. The complementary use of
the two techniques may be the best way to defiealitpersal kernel as a whole.

Number and polymorphism of loci used
Simulation studies have shown that for a given ll@fedifferentiation adding loci

usually improves the ability to assign individuatsrectly among populations (Cornuet et al.
1999, Waples and Gaggiotti 2006). We found thatghality of loci had a more significant
effect than simply the number of loci used. Sirtiala results have shown that low
polymorphic loci produced less accurate assignm#ras high polymorphic ones (Waples
and Gaggiotti 2006), and our results confirmed sitigation. This is not surprising since high
levels of polymorphism are related to high mutatrates. As gene flow increases, highly
polymorphic loci are more informative because néleles are constantly being generated
within subpopulations and shorter times of isolatave needed to detect small population
differentiation. At the same time, in parentagelysis, exclusion probabilities are strongly
conditioned by the genotypes of the reported nedatiby the frequency of alleles and by the
number of loci (Jamieson and Taylor 1997). Thesg#usion probabilities increase with the
number of loci used and their level of polymorphism our study, parentage error rates
increased more when high polymorphic loci were edetl than they did when low
polymorphic ones were excluded, demonstrating ateh quality of the loci used is more

important than quantity.

Conclusions

While assignment tests perform well at spatial exalver which populations show
large genetic differentiation, parentage analypigears to be a better choice for estimating
dispersal at smaller scales among genetically ainpbpulations. Using genetic methods

such as assignment tests when trying to measumeecbwity at ecologically relevant scales
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where migration is high enough to maintain gendtamogeneity remains challenging
because these methods still have relatively Igt@er under this circumstances. Parentage
analysis on the other hand performs well in coodgi of high gene flow. However,
incomplete sampling of potential parents can be @omdrawback. New likelihood
approaches such as the one used in this studyfagbdr evaluation to assess this problem.
Both techniques appear to lead to overestimateselbfrecruitment when applied at scales
over which assumptions of the approaches are eblaAs parentage analysis appears to be
robust to small deviations from panmixia, there miag some intermediate level of
differentiation at which both techniques provideefus results. Parentage becomes
increasingly difficult to apply as the scale of tteedy and size of the population increases
because the accuracy of assignments relies heamilyhe fraction of potential parents
sampled. However, more research is needed to exfilese new likelihood based parentage
methods to quantify their performance under difiérgparental sampling scenarios.
Ultimately, a combination of both parentage andgmssent tests may be the best way to fully
describe dispersal kernels and estimate the s€alenaographically important connectivity in

marine populations.
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Supplementary data:

Table 5. Summary of genetic variation for ten microsételloci at five sampling sites in Bootless bay (BA
Loloata Bank, LI: Lion Island, LO: Loloata Jetty,04 Motopoure Island, Ta: Tauram&), number of analysed
individuals; Na, number of allelesHo and He, observed and expected heterozygosity respectivélis,
inbreeding coefficient, significant values (p<Odffer Bonferroni corrections) are Bold capitals.

Pop Locus
2A 10TCTA 3GATA 44 61 120 65 55 79 45
BA N 34 34 34 34 34 34 34 34 33 34
Na 3 14 17 5 7 7 3 5 16 7
Ho 0.029 0.824 0.882 0.500 0.235 0.765 0.941 0.912 970.6 0.853
He 0.512 0.792 0.917 0.566 0.649 0.765 0.524 0.658 700.7 0.745
Fis 0943 -0.039 0.038 0.117 0.638 0.001 -0.795 -0.386 0.095 -0.145
LI N 27 27 27 27 27 27 27 27 27 27
Na 4 10 15 7 7 5 4 7 19 8
Ho 0.037 0.852 0.852 0.556 0.444 0.741 0.667 0.852 260.9 0.926
He 0.477 0.816 0.912 0.650 0.599 0.715 0.529 0.711 030.9 0.667
Fis  0.922 -0.045 0.065 0.146 0.258 -0.035 -0.259 -0.199 $.02 -0.389
LO N 84 83 83 83 83 84 84 82 82 84
Na 4 18 22 7 7 7 5 9 20 13
Ho 0.107 0.831 0.952 0.530 0.337 0.560 0.857 0.939 950.6 0.738
He 0.318 0.857 0.942 0.605 0.721 0.715 0.598 0.709 550.8 0.754
Fis  0.663 0.030 -0.011 0.124 0.532 0.218 -0.434 -0.324 0.187 0.021
MO N 69 69 69 69 69 69 69 68 69 68
Na 4 21 21 11 12 7 3 7 21 11
Ho 0.072 0.855 0.855 0.623 0.391 0.594 0.725 0.956 840.8 0.882
He 0.395 0.869 0.942 0.673 0.798 0.655 0.510 0.693 710.8 0.697
Fis 0.816 0.016 0.092 0.073 0.509 0.093 -0.420 -0.380 -0.016 -0.266
TA N 57 57 57 57 57 57 57 57 57 57
Na 4 18 19 13 12 5 3 7 21 9
Ho 0.035 0.842 0.965 0.526 0.571 0.737 0.842 0.912 420.8 0.877
He 0.164 0.852 0.925 0.789 0.724 0.674 0.625 0.723 830.8 0.730
Fis 0.787 0.011 -0.043 0.333 0.211 -0.093 -0.348 -0.263 0.047 -0.201
Total Na 9 29 23 20 15 13 12 17 29 18
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2.2 SAMPLING EFFORT IN PARENTAGE ASSIGNMENTS : HOW MANY LOCI AND W HAT

PROPORTION OF CANDIDATE PARENTS ARE NEEDED ?
INTRODUCTION

Parentage analysis is a precise form of assigntesig which involves identifying
the parents of specific individuals (Manel et &003). Parentage play a central role in the
study of diverse ecological and evolutionary tofdiesviewed in Jones et al. 2009a) and can
be particularly useful for elucidating mating patie estimating reproductive success
(Rodriguez-Munoz et al. 2010, Serbezov et al. 2@h@) larval dispersal in systems with high
levels of gene flow (Jones et al. 2005, Christie2@Planes et al. 2009, Saenz-Agudelo et al.
2009). Perhaps the first applications of parentagalysis to estimate dispersal were
performed in plant biology to obtain estimates oflgn immigration in wild populations
(Ellstrand and Marshall 1985). Since then applaabf these approach to address questions
of dispersal has spread to a wide variety of osgasiincluding rodents (Waser et al. 2006,
Nutt 2008), insects (Tentelier et al. 2008) andatoeef fish (Jones et al. 2005, Planes et al.
2009, Saenz-Agudelo et al. 2009).

In the last decades a wide range of methods haem developed to infer different kin
relationships, the most common ones being pardgpiahg, full-sibs and half-sibs. These
methods have been classified into six categorigstuSion, categorical allocation, fractional
allocation, full probability parentage analysis, rggdal reconstruction and sib-ship
reconstruction (Manel et al. 2005). Details of epaltticular approach, their main advantages,
disadvantages and associated software packagesbkawveextensively reviewed in recent
articles (Jones and Ardren 2003, Jones et al. 2019 therefore will not be covered here.
Categorical allocation, also known as parentagég@asent, is the most commonly used
approach to determine patterns of dispersal inrabpopulations and therefore will be the
focus of this section. The principle of categoriedlbcations consists of using exclusion
probabilities in a first step to eliminate any calade parent who fails to share at least one or
more alleles with a given offspring (to account fggnotyping error). Then, if complete
exclusion fails (when there are more than one ckatdiparents whose genotypes matches
with a given offspring), a likelihood ratio is calated based on alleles frequencies in the
population and the offspring in question is assigteethe candidate parent with the highest
likelihood of being the true parent (Jones et &09&). Finally, the significance of this
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likelihood ratio can be evaluated statisticallydagain different approaches exist to do this
(Marshall et al. 1998, Gerber et al. 2003, Andersot Garza 2006).

One of the advantages of this approach in the gbofemarine larval connectivity is
that it can be applied in situations where neitbfethe parents is knowa priori (Marshall et
al. 1998),which is often the case in marine species with efisipe larvae where offspring
seldom receive paternal care. This approach hasopsdy allowed for direct quantitative
estimation of dispersal where potential parentsewsaampled exhaustively in a particular
location and dispersive offspring were tracked kactheir place of birth (Planes et al. 2009).
However, parentage analysis can have some limigi@onong which, genotyping errors and
the presence of null alleles are where most attentias been addressed. Null alleles and
genotyping errors concern all kinds of parentagelyss and are independent of the
biological system studied, their implications hdeen reviewed elsewhere (Marshall et al.
1998, Jones and Ardren 2003, Morrissey and Wilsadb2 Kalinowski et al. 2007) and will
not be discussed here. In the context of larvgladisal, two other methodological drawbacks
have restricted the use of this approach until mo have obtained less attention from the
scientific community. First, parentage assignmesuees that a large fraction (if not all) of
the genotypes of all candidate parents in a populag known (Manel et al. 2005). In marine
organisms with a larval pelagic phase, populatimess are often large or unknown and
exhaustive sampling of potential parents, evemmialkrestricted areas, is unrealistic.

The main aim of this section was to test the aayumf assignments using the
FAMOZ platform and estimate error rates under ddfifé scenarios of proportion of parents
sampled and number of genetic markers (micros&®)liused and identify at which point
increasing the number of genetic markers can cosgtenfor small sample sizes. The
accuracy of parentage assignments can decreaseathasvhen the proportion of candidate
parents diminishes, because the probability ofgagsy false parents when the true parent
was not sampled (type Il error) increases (Marsétadll. 1998). In addition, some algorithms,
like the one implemented in CERVUS also requires this proportion is known priori
(Kalinowski et al. 2007), which is often difficulio estimate in marine populations of
organisms with larval dispersal. The methods imgleted in the program FAMOZ (Gerber
et al. 2003) do not require thaspriori information and it was the main reason for which i
was chosen. However, the relationship between tbpoption of sampled candidate parents
and statistical errors in this approach has seldeen addressed. Here | used simulated data

to explore the relationship between number of gemearkers, the accuracy of assignments
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and the proportion of the parental population saehph two largerf = 500 andn = 1000)
simulated populations.

METHODS

Two genotypic data sets were generated using EA$Y@Balloux 2001). Both data
sets were based on a finite island model with Soepblations, each of constant size and
equal sex ratio. In the first data set each sublatipn size consisted of 100 reproductive
individuals leading to an overall population size 590 individuals. In the second 200
reproductive individuals per subpopulation were sidared which yielded an overall
population of 1000 individuals. In both runs atlegeneration, random mating was simulated
to produce a diploid genotype for 20 independeai flor each individual who then had the
probability of 0.15 to migrate to another subpopafa This migration rate was chosen to
reflect a scenario of high gene flow (demographimnectivity) among subpopulations,
equivalent to 15 and 30 migrants per generatiopeas/ely. All loci had the same mutation
dynamics which occurred according to the K-alleledael (each mutation equally likely to
occur at any of K possible sites). Mutation ratg gnd number of allelic states were
considerer to represent highly polymorphic markéke microsatellites (u=1x1f 20
possible allelic states). This mutation rate anchiper of allelic states are within the ranges
published in eukaryotic genomes (Buschiazzo andr@ah?006). To attain an approximate
mutation-drift equilibrium the simulation was ruor 5000 generations (Waples and Gaggiotti
2006). Two genetic data sets were obtained (rugilis+ 500 and run2: guws = 1000) and
two offspring datasets were created from them ud$tpOCI (Matson et al. 2008) as
following. In run 1, within each subpopulation, imduals were paired randomly and for each
adult pair 4 offspring were generated following melan segregation. In run2 the same
number of offspring was generated but only halftied adults within each subpopulation
where paired and allow to reproduce (to reduce coenpanalysis time). In both cases the
total number of simulated offspring was 1000 (2@6 subpopulation).

Parentage assignments were performed using diffenember of loci and different
proportions of sampled parents with the program EV(Gerber et al. 2003). | tested
parentage analysis with 5, 10, 15 and 20 loci aitd 20, 40, 60, 80 and 100 % of sampled
parents. For each scenario, LOD (log of the odtis)racores for parentage relationships
were calculated. Then, to decide whether a paréspring pair was accepted as true or not,

two sets of 10000 offspring were simulated eith@nf genotyped parents or from allele
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frequencies. LOD scores of the most likely paremd simulated offspring sets were plotted
and the intersection between the distributionshefttvo sets was taken as the threshold value
(parent-offspring pairs with LOD scores higher thhreshold were accepted as true pairs).
More details on parentage assignment procedurds RAMOZ are available in the section
2.1. Since each true parent-offspring pair was knowadvance | was able to estimate type |
errors (reject a true parent-offspring pair) angdetyl errors (accept false parent-offspring
pairs that share alleles across all loci by ch&mosving that the true parent was not sampled)

for each scenario.

RESULTS

For the small data set4is= 500) the number of alleles per locus varied fibto 14
with a mean value of 10.7 alleles per locus. Ferléinger data set {fis= 1000) the number
of alleles per loci varied from 10 tol8 and the mealue was 14.6 alleles per locus. As
expected, both type | and Il errors decreased estllysis were performed with increasing
number of loci (Figure 1). Error type | (reject ttrae parent knowing that it was among the
sampled potential parents) was extremely high fauas with 5 loci, but it was less than 5%
for all runs involving 15 and 20 loci. Error typé (Bssign a parent knowing that the true
parent was not sampled) was over 10% for all ruitis svand 10 loci (with the exception of n
= 1000, 80% sampled parents where it was 8.3%).rnvpleeforming assignments with 15 and
20 loci, type Il error differed strongly betweerettwo population sizes. Higher values were
obtained for n = 500 with maxima at 20% sampleckpis (15 and 6.5% for 15 and 20 loci
respectively). For n = 1000, error type Il errorerevalways below 5% with a maximum of
4.2% for 15 loci and 1.7% for 20 loci. In genenahen using 20 loci, both errors | and I

were low regardless of the proportion of sample@mpia and the size of the population.

DISCUSSION

These results show that when dealing with a smralttibn of sampled candidate
parents, regardless of the number of correct asmgts, the total number of observed
assigned parent-offspring pairs will be an ovenestion of the number of real pairs (due to
type Il error: assign false parents to offspringpgsn real parents were not sampled). However
the magnitude of this overestimation will vary acting to the number of markers involved.

Regardless of the size of the parental populati@error linked to sampling a small fraction
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of candidate parents can be compensated by innges® number of loci used. In terms of
estimating self recruitment, the overestimatiokdah to incomplete sampling can be lowered
down to reasonable levels using 15 to 20 loci (withy 20% sampled parents, less than 20

and 10% of wrong assignments are achieved witmii328 loci respectively).
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Figure 1 Relationship between statistical errors, numbdoafand proportion of candidate parents sampthed i
parentage analysis for two simulated populationglifferent sizes (n=500 and n=1000) using the @oyr
Famoz

In the present simulations, because mutation rabek population sizes were held
constant and selection was ignored, the simulatfanlarge population (n = 1000) had higher
probabilities of creating more neutral genetic &aoin than the small one (n = 500) and was
reflected in the differences in the genetic divgréumber of alleles per locus) between both
data sets. In natural populations, despite the tfaadt population size is never constant, and
that genetic drift and selection might be importantshaping genetic diversity, empirical
evidence has shown that a positive relationshivéen genetic variation and population size
exists (Frankham 1996, Leimu et al. 2006, White Sedrle 2007). In the context of using
parentage assignments in natural populations,pibsstive relationship means that there can
be a trade off between population size, samplifigriend accuracy of tests. These results

show that in a small population with relatively I@gnetic variation, more genetic markers
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are needed to achieve the same statistical powmarantage assignment tests than in a larger
population where genetic variation is higher. Oa tither hand, in practical terms, the same
sampling effort would yield a higher percentagecahdidate parents in a small population
than in a large one and could compensate to soteatdrr the lower genetic variation. In the
context of marine larval dispersal, it seems thatfggming preliminary pilot studies to
evaluate the number and degree of variation of tgengarkers available and the proportion
of sampled parents with a given sampling effort ivdlp make decisions in terms of the best
strategy (in terms of sampling effort both of indivals and genetic markers) that will yield
the best statistical power and cost/benefit ratio.

In cases where the number of genetic markers &ailes limited, have low
variability, and there are no possibilities of ieasing their numbers, other methods such as
full probability parentage analysis that includenngenetic information in their algorithms
might provide an alternative option (if this nomgéc information is available) (Hadfield et
al. 2006). In this kind of approach spatial or babar information can be included in the
model and compensate the accuracy of the assiganifettie genetic data is weak (e.qg.
change the assumption that all candidate pareatequally likely to be the true parents by
taking in to account relevant ecological informajioYet, obtaining large numbers of highly
variable genetic markers is no longer unaffordadylextremely time consuming given the
recent advances in molecular technology and théicapipn of genetic data-only parentage
methods can provide a valuable tool to study d&gem non-model species. Finally,
parentage analysis can be a powerful tool to uncpa#erns of dispersal in scenarios with
high migration where indirect methods fail (Wapésl Gaggiotti 2006). The direct dispersal
information gained from this approach could be arpartant complement of population
genetic models (Manel et al. 2003, Luikart et 8tL@ and coupled with ecological or remote-
sensing data and biophysical models will definitebip to better understand marine larval
dispersal (Christie 2009).

Based on the results from this chapter indicatingt tapproximately 25% of the
parents contributing to total recruitment could dmmpled (section 1) with a reasonable
sampling effort and based on the simulation respilesented in this section, | decided to
increase the initial number of microsatellite mask). After testing several potential loci,
nine additional microsatellites were obtained, dileg a total of 18 loci that were used in all

the following analyses.
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CHAPTER 3

DEMOGRAPHIC CONNECTIVITY : SPATIAL AND TEMPORAL VARIABILITY

This chapter is built upon the results of chaptang is also divided in two sections.
Some of the same locations and ideas presentextiiors 1 of chapter 2 are also shared here.
However, while chapter 2 focused on methodologissalies, in this chapter these are left
behind and all the importance is given to larvalreectivity per-se. Also the spatial scale of
the study was more than doubled. The first sectbrthis chapter deals with spatial
connectivity patterns from individual reefs to theetapopulation as a whole. The second
section compares focuses on temporal variationooyparing estimates of local connectivity

measured on the same locations over two consecreaes.
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3.1 SPATIAL PATTERNS OF CONNECTIVITY AND SELF RECRUITMENT IN A COASTAL REEF FI  SH

METAPOPULATION

Publication: Saenz-Agudelo, B, G. P. Jones, S. R. Thorrold, and S. Planes. €ty
dominates larval replenishment in a coastal reséf finetapopulatiorProceedings of the
Royal Society B. In Press.

ABSTRACT

Direct estimates of larval retention and connettidre essential to understand the
structure and dynamics of marine metapopulations, @ptimize the size and spacing of
reserves within networks of marine protected afdH3As). For coral reef fishes, while there
are some empirical estimates of self-recruitmeiga@ated populations, exchange among sub-
populations has been rarely quantified. Here matedste DNA markers and a likelihood-
based parentage analysis were used to assesddtmnerenagnitude of self-recruitment and
exchange among 8 geographically distinct sub-pojmis. of the panda clownfish
Amphiprion polymnus along 30 km of coastline near Port Moresby, Padea Guinea. In
addition, | used an assignment/exclusion testeatifly immigrants arriving from genetically
distinct sources. Overall, 82% of the juveniles evenmigrants while 18% were progeny of
parents genotyped in our focal metapopulation.n@filmmigrants, only 6% were likely to be
genetically distinct from the focal metapopulatiGuggesting most of the connectivity is
among sub-populations from a rather homogeneoustigepool. Of the 18% that were
progeny of known adults, two thirds dispersed amtiregg8 sub-populations and only one
third settled back into natal sub-populations. Carigon of our data with previous studies
suggested that variation in dispersal distancdikety to be influenced by the geographic

setting and spacing of sub-populations.
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INTRODUCTION

Most populations of marine organisms are likelyuloction as metapopulations where
numerous sub-populations are connected to varyaggegs by larval dispersal (Kritzer and
Sale 2004, Sale et al. 2005a, Figueira and Cro&066). Estimates of the magnitude of
retention within and connectivity among sub-popalad is essential to understand natural
metapopulation dynamics (e.g. Levin 1974, Armsw@®02, Hixon et al. 2002) and model
human impacts on marine ecosystems (Hughes et0@b)2In addition, the efficacy of
management strategies, such as no-take marineveesetworks, depends on how individual
reserve populations function and how they are cotedeto the metapopulation at larger scale
(Botsford et al. 2009, Jones et al. 2009b). Hosemees function depends on the degree to
which reserves are self-sustaining, are connecteeeffs open to fishing and are connected to
other reserves in the network (Sale et al. 2005@aMt al. 2006, Jones et al. 2009b). These
functions cannot be confirmed without quantifyingttprns of retention within and
connectivity among reef populations. While the nataf demographic connectivity among
reef populations is beginning to be described éwed by Botsford et al. 2009), the factors
that shape variation remain poorly understood.

The metapopulation concept is particularly applieaio coral reef organisms with
pelagic larvae, as adult populations are usuabiyricted to discrete patches of reef habitat
(Kritzer and Sale 2004, Jones et al. 2009b). Reespirical studies have revealed that local
replenishment of coral reef fishes is significarttigher than previously envisaged (Jones et
al. 1999, Swearer et al. 1999, Jones et al. 200BaAy et al. 2007, Planes et al. 2009).
However, in all these studies a significant projporbf the newly settled juveniles originated
from locations beyond the spatial extent of focapylations. Coupled biophysical models
have suggested that ecologically relevant larvgpelisal in reef fishes occurs over scales of
10 to 100 kilometers in the Caribbean Sea (Cowel. 000, Cowen et al. 2006) and along
the Great Barrier Reef (James et al. 2002). Thes#eling studies have also predicted that
levels of self-recruitment may be highly variablenang reefs. Testing these model
predictions requires estimates of retention witlial connectivity among sub-populations on
a larger scale than has previously been available.

Empirical connectivity studies have suggested tratations in dispersal distance
among species are more likely to be influenced dxyggaphic isolation and spacing of reefs
than individual species characteristics (Joned.e2009b). Modeling studies have provided

some support for this idea, with lower simulateld-seruitment of reef fish species along an
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extensive system of barrier reefs (James et aR)20@n on more isolated oceanic reefs in the
Caribbean (Cowen et al. 2006). However, field datapopulation connectivity remains
insufficient to test the accuracy of these simuladespersal outcomes. The empirical studies
conducted to date, using otolith chemistry (Sweateal. 1999), mass marking of larvae
(Jones et al. 1999, Jones et al. 2005, Almany. &08I7), and DNA parentage analysis (Jones
et al. 2005, Planes et al. 2009), have primarilgnbémited to estimating levels of self-
recruitment within populations. While one study hdscumented dispersal from a small
island to distant reefs (Planes et al. 2009), weehao direct quantitative estimates of
connectivity in situations where sub-populations distributed among several sites with
suitable habitats.

The aim of this study was to apply parentage amabsd assignment tests based on
hyper-variable microsatellite DNA markers to invgate self-recruitment and connectivity
among subpopulations using as model the panda aredisio @mphiprion polymnus) in
Bootless Bay, Papua New Guinea. The approach wsesilan the identification of offspring
produced by genotyped parents. Natal origins okentg settled recruits can then be
determined providing the location of the parentslarown or can be assumed at the time of
conception. Parentage analysis based on micrasatelarkers has been validated in two
species of anemonefishésnphiprion polymnus (Jones et al. 2005) aramphiprion percula
(Planes et al. 2009), by comparing the results Wittee obtained by simultaneous use of
chemical tagging techniques on the same individubiiese data represent the first direct
estimates of self-recruitment and connectivity agigeographically isolated subpopulations
of a coral reef fish.

METHODS

Study species and location

The panda clownfishAmphiprion polymnus) is a southeast Asian endemic that lives
in close association with discrete aggregationgwaf species of anemoné&tichodactyla
hadonni andHeteractis crispa) occurring in sandy habitats associated with carafs (Fautin
and Allen 1992). Each anemone is usually occupiedrie breeding pair and up to eight
smaller non-breeders and juveniles. The femaleléfgest individual) lays demersal eggs on
the upper surface of shells or dead coral nextécanemone. Embryos develop over a period
of 6-7days before hatching (Fautin and Allen 19892) post-larvae settle into anemones after

a pelagic larval phase lasting 9-12 days (Threshal. 1989).
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The study location encompassed Bootless Bay anarean of coast adjacent to Port
Moresby, Papua New Guinea. This area supportedtapmaulation of 8 spatially discrete
subpopulations (termesites to avoid confusion with other subpopulation deiors) (Figure
1). Distances among sites varied from 1 to 30 knthWhe exception of Fisherman Island
(FI) anemones within each site were confined tdla~patch of shallow sand and seagrass.
At each site (except for Fl), an exhaustive seéoclall anemones colonised By polymnus
was performed prior to tissue collections. The paten of Fishermen Island (FI) was spread
over a larger area and it was estimated that @%r & this population was sampled. In total,

215 anemones hostig polymnus were found among the 8 sites (Figure 1).

Papua New!
(. Guinea

Z—

Port Moresby
.

Figure 1 Map showing sites of the 8 sites of anemone aggjets hostingAmphiprion polymnus in Bootless
Bay area (white filled circles). Crosses (x) indécaites outside Bootless Bay with potential su@dtabitat that
were explored but néd. polymnus were found The number of anemones and sampledolymnus at each site
are indicated in brackets. Inset: Location of Besdl Bay in Papua New Guinea. Site abbreviationsagre
follows: Manubada Island (BE), Lion Island (LI), drama (TA), Motupore North Patch reef (MN), Motupor
Island (MO), Loloata Island (LO), Loloata South BaBA) and Fishermen Island (FI).

Sampling and genotyping

A total of 942 individuals were sampled among th&t8s between January and April
2008. Each fish was captured by SCUBA using harid, meeasured (total length TL), fin
clipped underwatein situ, and then released back onto the same anemohethBiswere too
small to be fin clipped (less than 30mm) were addd. In addition, all juveniles settling on
each anemone over the sampling period were captisiad hand nets. Finally, at the end of
the experiment 15-30 fertilized eggs were collegrattdomly within the clutch) from 5 egg

clutches, each from a different anemone. All sasplere preserved in 95% ethanol and
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returned to the laboratory for subsequent genotygdtor all analyses fish were divided into 3
categories according to their size. The first catggbreeders’ consisted of the female and
male (the two biggest individuals) of each anemdre remaining fish were then divided
into 2 arbitrary categories: ‘non-breeders’ (>50naml ‘juveniles’ (< 50mm).

Details of the 18 microsatellite loci and genotypiprocedure are described in
Quenouille et al. (2004) and Beldade et al. (200%4)er DNA extraction, 3 multiplex
polymerase chain reactions (PCRs) were performedinmividual, using fluorescently-
labelled primers to process 18 microsatellite mtaining a mixture of dimer and tetramer
repeats. PCR products were processed on a BeckmateCsequencer CEQ 8000 Genetic
Analysis System and the resulting electropherogramse scored manually. Uncertainties
were reconciled by re-amplification and comparisdifeles were scored as PCR product size
in base pairs. Allelic frequency and expected loetggosity under Hardy Weinberg
equilibrium were calculated for each locus IBNALEX version 6 (Peakall and Smouse 2006).
Tests for Hardy-Weinberg and linkage disequilibriware conducted usingE®EPOP3.4.
(Raymond and Rousset 1995) and significance levetse adjusted with sequential
Bonferroni corrections for multiple tests willx 0.05. All 18 loci satisfied Hardy-Weinberg

and linkage disequilibrium assumptions.

Population structure

Genetic variability within and among sites and kedw resident breeders, non-
breeders and juveniles was estimated us$ingtatistics via analysis of molecular variance
(AMOVA) in Arlequin v 3.11 (Excoffier and Lischer020). Tests for statistical significance
for all estimates were based on®Iandom permutations, and significance levels were

adjusted with a sequential Bonferroni correctionrfultiple tests.

Parentage analysis

Parentage analysis was performed usingdz (Gerber et al. 2003). The algorithm in
this package calculates Log of the odds ratio (L&&)res for parent-offspring relationships
and constructs statistical tests for parentageyassnt. Tests are based on simulations that
generate offspring from genotyped parents: (He most likely parent is the true parent) or
from allele frequencies in the population;{khe most likely parent is not the true parent).
For each analysis, allelic frequencies were eséth&bm the 942 genotyped individuals and
these estimations were assumed to match the tiele fitequencies in the population (Gerber

et al. 2003). Then, simulations of sets of jLeniles were carried out under the two possible
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hypotheses (Hand H above) and subsequent statistical tests were cotetr to decide
whether a given parent would be selected as the parent or true parent pair. The
distribution of the simulated LOD scores under th® hypotheses was plotted and the
intersection between these distributions was deségh as the threshold decision value
(individuals with LOD scores above the thresholdugawere accepted as true parents).
Famoz also allows for the introduction of an error ratéhe LOD score calculation that takes
into account genotyping errors and null allelesrf@e et al. 2000). Introduction of this error,
even if it underestimates the real error rate, uce type | and Il errors related to the
parentage tests (Gerber et al. 2000, MorrisseyVéitsbn 2005). | evaluated four different
error rates and chose the best compromise betweerduced error and type | and Il
statistical errors. An error rate of i§ielded the lowest statistical type | and Il esr¢d.10%
+ 0.04 and 4.2% = 0.4 respectively) and was usediliofurther parentage analyses. Tests
evaluations were done using the software optiomeipage test simulation”. | performed 30
test simulations for each introduced error ratesttimate mean type | and Il statistical errors.
All loci showed Mendelian segregation after comparB6 successfully genotyped
eggs of 5 different clutches (from each sampled elgich, 8 eggs were randomly sub-
sampled and screened for 18 loci) with the respeaenotyped parents. None of the 942
screened individuals shared the same diploid geeotyAnemonefish are considered
monogamous with only the two biggest fish (breedbeen reproductively active in the fish
colony (Fautin and Allen 1992). However, this da¢h was used to test whether some non-
breeder fish were contributing to offspring prodaictin this population. In this preliminary
test, all parentage assignments consisted of breeNene of the sub-adults (non-breeders)
was associated with a breeder of the same anensdhe anost likely parent pair of any of the
juveniles in the sample. However, a few non-bregdeere assigned as single parents to
juveniles. Given the nature of these assignmentmsidered them to be more likely full sib
or half sib rather than parent/offspring relatidpsh The presence of full sib or half sib
relationships can lead to false positive parendgfhg assignments and significantly bias
parentage analysis (Marshall et al. 1998, JonesAaticen 2003). Therefore to eliminate this
source of error a second and final parentage asalas performed using only breeders as

potential parents.

Assignment Test
| used Geneclass2 (Piry et al. 2004) to assigrxoude juveniles from the Bootless

Bay population (AMOVA analysis revealed no sigrafit genetic differences between sites,
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therefore all sites were considered as one singhetic pool, see results for details). This
approach does not assume that the true candidatdgtion has been sampled and can be
advantageous in situations where it is not possiblesample all potential populations
(Cornuet et al. 1999). Genotypes of all breededsraon-breeders (n = 451) were used as the
reference population (assuming a single populateepopulation genetic structure below

for details). The likelihood that a new recruit @ifinom the Bootless Bay population was
computed with the partially Bayesian criterion cdrfRala and Mountain (1997). Then, this
likelihood ratio was compared to a distribution 16 genotypes simulated ratios from the
reference population with a Monte Carlo algorithPa¢tkau et al. 2004). A new recruit was
determined to have originated from a different gapon when the probability of exclusion
from Bootless Bay was > 95% (P<0.05).

RESULTS
Population genetic structure

There was no significant genetic differentiationocaig the 8 sub-populations. The
global Fst was low Fst = 0.0011) and not significantly different from zerd’airwiseFsr
values among all samples were low (<0.0106) ang omé out of 120 pair-wise comparisons
was significantly greater than O after Bonferronirections (see annexe, Table 2). It was

concluded that the 8 sites were one single gepetitfor all following analyses.

Evaluation of parentage assignment

Parentage analysis assigned 100 juveniles, fromaadf 491 that were genotyped, to
a sampled parent or parent pair from one of thétesges. Almost half (45%) of these
recruits were assigned independently to both the arad female in the same anemone, while
the remaining recruits (55%) were assigned to glsiparent. | excluded from further
analysis all juveniles assigned to only one pateat presented two or more confirmed
mismatches between their genotypes and that ofaisggned parent (11 juveniles). The
remaining 89 recruits were accepted as being tifisprong of the parents to which they were
assigned. No juveniles were assigned to two pargote different anemones. Overall,

missing values accounted for 1.5 % of the genetia.d

Self-recruitment and connectivity
Local recruitment (n = 89) accounted for 18.2 %atél recruitment (n = 491) to the
focal population (Tablel, Figure 2). Of these laealruits, 35 (7.1%) individuals settled into
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anemones at the same site as their parents (selfited while 54 (11.1%) settled in a site
other than their natal anemone site (local conmigg)ti At the site level self-recruitment
averaged 7.5% across all sites, but with varighéihong sites, ranging from 0% at LI site to
27% (16 of 59 individuals) at TA. The number of gmies that settled in a given site but
came from a different site than that of their natakmone (local connectivity) averaged
12.3% and varied among sites from 5.7% (4 of 70Qviddals) in site BA to 20% (2 of 10
individuals) in site MN (Table 1, Figure 2).

Table 1 Amphiprion polymnus connectivity matrix among 8 sub-populations in amehrby Bootless Bay,
calculated by identifying the natal origins of juies using parentage analysis. Numbers in braaketthe
Source sites names correspond to the number ofiénedhat were sampled at each site. The numbers on
brackets on the sink sites correspond to the nuwhereniles sampled at each site. LD indicatesrtaimber of
juveniles sampled at each site that had an exelysiobability >0.95 to belong to the genetic pobBootless

bay and classified as long distance immigrantghénlast two columns, %SR corresponds to the peagerof

self-recruitment and %LC to the percentage of lecanectivity

Source site

BA LO MO TA LI MN BE FI
(57) (37) (29) (48) (31) (13) (57) (62)

LD % SR %LC

BA (70) 4 - 1 1 - 1 1 - 10 57 5.7
LO (69) 3 2 1 1 2 1 1 2 43 159
MO (70) 1 3 1 3 2 2 - 1 1 14 171
'% TA (59) - -- 1 16 1 1 - 1 3 271 6.8
% LI (42) 1 1 - 3 - - 1 1 0 16.7
MN (10) 1 - - -- - 1 1 - -- 100 20.0
BE (102) 3 1 1 1 1 1 7 1 8 6.8 8.8
Fl (68) - - 2 2 - - 1 3 4 4.4 7.3
Total (490) 13 8 8 27 5 8 12 8
Average 7.5 12.3

Larval dispersal was examined as a function ofalirdistance among sites for those
individuals identified by DNA parentage analysis kasng offspring of breeders from the
focal metapopulation (Figure 3). Linear distancesoag sites were grouped in classes
(classes’ sizes of 2 km each), with self-recruitheamsidered a separate class.

Approximately 68% of locally-spawned recruits (~4%. of all juveniles) settled
within 3 km of their natal site and 75% of theserués (~13.5% of all juveniles) settled
within 7 km of their natal site. The last 25% ogktjuveniles identified by the parentage
analysis (4.7% of all juveniles) dispersed betwéamd 28 km away from their site of origin.
The multimodal dispersal distribution of juvenilegas similar to the frequency of linear
distances among the 8 sites (Figure 3). Nonethellessrequency distributions of juveniles

dispersal distances and site distances were signtfy different (chi-square = 20.04, df = 9,
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P< 0.05). | found that higher numbers of larvaeruged back to their natal sites, with
concomitantly lower numbers of larvae dispersinggkr distances than predicted based on

the distributions of distances among sites.

Figure 2 Zoomedmap of Bootless Bay area showing each one of thend9idual trajectories (arrows) df.
polymnus juveniles that were assigned by parentage anal@ei recruitment is represented by black circles.
Thickness of arrows and diameter of circles arg@riional to the number of juveniles with similaajectories.

For more details about individual trajectories tdse 1

Assignment tests revealed that 31 of 491 juverilss a probability <0.05 of being
from the same genetic pool as the focal metapapulathese individuals likely came from
one or more genetically distinct populations andoaated for 6.3% of total recruitment.
Altogether, parentage analysis and assignment testeunted for 24.5% of sampled
juveniles. The remaining recruits ~75 % were sadiftem a similar gene pool to that of the
focal metapopulation but we can infer little mot®at the origin and dispersal distances of

these individuals.
DISCUSSION

This study provides the first direct estimates elf-secruitment and demographic
connectivity among multiple subpopulations in a stah coral reef metapopulation. Our

results indicated that larval retention within theetapopulation was dominated by local

exchange among sites, rather than self-recruitrattite site level. At the other extreme, a
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small number of individuals came from one or momngically distinct populations,

presumably well beyond the geographic boundariesuofstudy. The majority of the recruits
were genetically indistinguishable from the focattapopulation, but did not match any of
the breeders that we genotyped. Because the sampiihin the focal metapopulation was
fairly complete, we hypothesize that most of thpseniles represent dispersal from other

non-sampled sites along the adjacent coastline.
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Figure 3 Distribution of the frequency of distances amoitgss(white bars) and frequency of newly settled
juveniles (solid bars) according to the estimategersal distance obtained from parentage analyalsels on
the x axis correspond to the mean value of thewdégt classes. Note that the zero (0) distance dasssents
juveniles that settled in the same site as theienga (self recruits)

Compared to our previous study in this locationef@aAgudelo et al. 2009), by
doubling the number of microsatellite markers useglreduced the statistical errors linked to
likelihood based parentage assignments to lessS#@iiboth type | and Il errors based on
simulated data). In addition, we were able to iasee substantially the spatial scale and
provide for the first time direct estimates of @rexchange among subpopulations spaced up
to ~28 km from each other. At this geographic sciaeels of self-recruitment were highly
variable among sites, but sites with higher numloérbreeders tended to have more self-
recruits than sites with fewer breeders (Tablel'hg exception was site TA, which had by far
the highest level of self-recruitment despite regiresenting the largest breeding population.
Site TA was located in a relatively protected lomatclose to the head of the bay, while all
the other sites with larger breeding populationsewaitside the bay (BE and FI) or in more
exposed locations (BA). Interestingly, in termgadportions, the site with the second highest
self-recruitment rate was MN, a site with a sma#daling population also sheltered within

the head of the bay. Larvae spawned at these sklsetes (TA and MN) would therefore
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likely be less susceptible to advection by alongshmurrent flows than larvae from more
exposed locations outside Bootless Bay. In additio@ proportion of larvae locally spawned
that recruited to their natal sites was over-regmessd compared to the proportion expected
based on the distribution of distances among sitesvever, almost half of these self-
recruiters were from site TA, indicating that skeortlispersal distances may be a feature of
the most protected sites in coastal embaymentstalyvihe frequency distribution of known
dispersal trajectories appears to be largely empthby the geographic spacing, location and
size of the subpopulations. Certainly, the diffén@odes in this distribution coincide with the
frequency of spacing between sites.

The high variation in levels of self-recruitment @mg sites, and the relationship
between self-recruitment and population size isstent with the model of James et al
(2002) for the Great Barrier Reef whereby largdsr@entributed more than smaller ones to
the local larval pool. Our mean estimate of setfuément per site (7.5%) is similar to mean
simulated values among 321 relatively continuoessralong the Great Barrier Reef. In their
simulations, James and co-workers estimated thmatavilarvae returning to their natal reef
comprised less than 10% of the settling cohorinfost of the reefs. While local retention of
larvae may be an advantage in environments werdgaha$ limited or separated by great
distances (Jones et al. 2009b), this advantagenaiaye extended to situations where habitats
are more continuously distributed as in Bootlesg. Particular sites, with high replenishment
rates, such as TA site in this study, could plagrucial role in sustaining the stock in the
entire metapopulation (Armsworth 2002, Lipcius le2808).

The coastal geographic setting may be criticadxplaining the low self-recruitment
pattern of our focal clownfish metapopulation. e fpresent study, levels of self-recruitment
at both ‘site’ (ranged from 0 to 27%, average 7.%8%) ‘metapopulation’ level (18%) were
relatively low compared with published values farpolymnus and other clownfish species
(A. percula) at more isolated locations in Kimbe Bay (PapuavNginea) (Jones et al. 2005,
Almany et al. 2007, Planes et al. 2009). Theseesllso correspond to the lowest empirical
estimate of self-recruitment measured so far anoongl reef fishes (reviewed in Jones et al.
2009b). However, our estimate of self recruitmenha metapopulation level for 2008 (18%)
Is close to that of our previous estimate of 25%amied at a smaller spatial scale in Bootless
Bay (excluding MN, BE and FIl) sampled in 2005-20(%aenz-Agudelo et al. 2009),
suggesting that these results are not atypicdiisfregion and that the geographic settings do

have an important role in determining the obsexlisdersal pattern.
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In contrast of low self recruitment estimates iroBess Bay folA. polymnus, Almany
and colleagues (Almany et al. 2007) reported ctesishigh self recruitment rates in Kimbe
Island for two species with contrasting life-higtocharacteristics Amphiprion percula:
benthic eggs and ~11days of Pelagic Larval Duna(LD) andChaetodon vagabundus:
pelagic eggs and ~38 days of PLD). Bdimphiprion species have similar life-history
characteristics and differences between studieBootless Bay and Kimbe Island suggest
that, at ecological time scales, dispersal kermeésy be more influenced by the relative
isolation or geographic setting of the focal popoles than species specific life-history
characteristics (Pinsky et al. 2010). Still, thisnd clearly needs to be tested in more species
and locations before any conclusion can be madesidBg other studies based on
geochemical signatures in otoliths suggest that hinot a general rule. Patterson et al.
(2005) showed thaPomacentrus coelestis on Lizard Island exhibited 75% self-recruitment
even though it has many other reefs relativelyeclog, while Patterson and Swearer (2007)
showed thatCoris picta exhibited 26-65% self-recruitment on isolated Létdwe Island.
However, comparisons made between studies thatlitfeeent approaches to estimate self-
recruitment should be made cautiously until thesele cross-validated (Jones et al. 2009b).

Parental analysis suggested that most sites retaivggher proportion of recruitment
from larvae spawned at different sites within thetapopulation than from self-recruitment.
This high connectivity among sites was likely urestimated, in particular that between the
inside and outside of Bootless Bay, as it was msisiible for us to exhaustively search all
potential areas outside of the Bay. This lack ohglang presumably explains a significant
proportion of the ~300 juveniles that settled im study area and were left unassigned either
by parentage analysis or assignment tests. It séemh® much larger sampling effort along
the coast line will be necessary to find the origiithose juveniles.

Assignment tests detected that a non negligiblegmage (6.3%) of the juveniles
sampled in this location were genetically distifobm the focal metapopulation. We
hypothesize that these recruits were long distamoaigrants, but unfortunately, even if this
was confirmed, we could not estimate how far theseniles had travelled. This would
require much more extensive sampling of genetinaigres at greater distances to the east
and west of Bootless Bay. If indeed these gentichstinct recruits are long distance
immigrants they may play an important role in briffg extinction risk in this
metapopulation (Hill et al. 2002). However, the tfdbat these individuals apparently
belonged to a different genetic pool suggestsdither we have fortuitously captured a very

rare dispersal event, or that the juveniles thatoakected would not have successfully
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reproduced if we had not captured them. This isabse a constant exchange of this
magnitude with successful reproduction of theséviddals should lead to homogenization of

these genetic pools (Waples and Gaggiotti 2006¢. durestion that remains is how variable

this contribution is over time and whether or rfege individuals are capable of successfully
integrating into their new population.

In conclusion, given the relatively low observedf-secruitment rates, a high
proportion of connectivity among sites, and thetreely high proportion of long distance
dispersal, it appears that connectivity and ndtreeruitment dominates larval replenishment
in this focal clownfish metapopulation. We founctthLl8% of juveniles in Bootless Bay
settled between 0 and 28 km from their place djiorwhile over 80% were likely to have
dispersed from populations beyond our studied .sifHsese results have significant
implications for the design of MPA network in trasea as they indicate that a single MPA
inside Bootless Bay may not be sufficient to mamtdne metapopulation if unprotected
sources were to collapse. In addition, while thisreconsistent evidence that life-history
characteristics of individual species can play mpdrtant role in terms of dispersal at
evolutionary (genetic) time-scales (Rocha et aD2ZBeldade et al. 2009a, Weersing and
Toonen 2009, Reece et al. 2010), the suggestionthieaspatial distribution of suitable
habitats may have more impact on levels of demdgcaponnectivity than life history
characteristics of individual species clearly dessrmore attention in future studies. If this
happens to be true, it will have encouraging ingtlans for the use of MPAs to offer
protection to coral reef fish assemblages (McCobkle2009). Testing this hypothesis at
more locations, and on more species, remains aptapity for conservation biologists

working in coral reef ecosystems.
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Annex: Table 2 Pair-wiseFst values for all sample sites (below diagonal) andesponding P-values after 10 000 randomizatiobs\@ diagonal). Sample sizes are

indicated in parenthesis in the second row. Sigaifi tests after Bonferroni correction are indiddatebold. Last letter for each site code: A (asluibcludes breeders and
non-breeders), J (juveniles). Negative values epented as 0.

BA-A BE-A FI-A LI-A LO-A MN-A MO-A TA-A BA-J BE-J Fl-J LI-J LO-J MN-J  MO-J TA-J

(64) (70) (82) (41) (55) (16) (52) (70) (71) (102) (67) (42) (69) (10) (70) (59)
BA-A 0.4548 0.2604 0.2006 0.3537 0.5217 0.6650 0.003%936. 0.2968 0.0810 0.8141 0.4439 0.6193 0.3929 40.13
BE-A  0.0002 0.5771 0.2368 0.5639 0.1381 0.1897 0380 0.4220 0.3685 0.6801 0.2763 0.6484 0.5027 0.618.0219
FI-A 0.0007 0.0000 0.0205 0.0250 0.2403 0.0852 1@B0 0.1829 0.4708 0.3394 0.2248 0.6086 0.6462 6.267.3222
LI-A 0.0015 0.0012 0.0039 0.4552 0.1843 0.3113 1430 0.2901 0.2426 0.4239 0.2498 0.3044 0.8245 0.502.0253
LO-A 0.0006 0.0000 0.0031 0.0001 0.1420 0.6922 0210 0.4001 0.4022 0.4523 0.4790 0.4939 0.8332 @.725.0113
MN-A 0.0000 0.0040 0.0022 0.0035 0.0040 0.1044 1050 0.1159 0.2659 0.0357 0.0773 0.3942 0.2193 0.073.0336
MO-A 0.0000 0.0013 0.0021 0.0008 0.0000 0.0047 1450 0.7691 0.2491 0.2301 0.4645 0.6256 0.8966 0.683.0748
TA-A 0.0045 0.0042 0.0032 0.0047 0.0051 0.0106 80O 0.0328 0.0013 0.0003 0.0162 0.0146 0.7208 0.0135 0.4091
BA-J 0.0000 0.0001 0.0009 0.0009 0.0002 0.0042 Om000.0027 0.4716 0.3095 0.3768 0.4257 0.8191 6.410.2367
BE-J 0.0005 0.0003 0.0000 0.0010 0.0003 0.0017 0d.000.0042 0.0000 0.6703 0.1019 0.4423 0.6284 6.229.0673
Fl-J 0.0020 0.0000 0.0004 0.0002 0.0000 0.0066 1@.000.0066 0.0005 0.0000 0.5201 0.2952 0.8131 0.2105 0.0082
LI-J 0.0000 0.0010 0.0013 0.0013 0.0000 0.0058 @DO00.0045 0.0003 0.0020 0.0000 0.3457 0.7712 8.492.0416
LO-J 0.0001 0.0000 0.0000 0.0008 0.0000 0.0005 00.000.0036 0.0001 0.0001 0.0006 0.0005 0.6405 8.688.1089
MN-J  0.0000 0.0000 0.0000 0.0000 0.0000 0.0059 @mO00.0000 0.0000 0.0000 0.0000 0.0000 0.0000 8.840.5655
MO-J  0.0002 0.0000 0.0006 0.0000 0.0000 0.0050 00.000.0032 0.0001 0.0008 0.0009 0.0000 0.0000 0.0000 0.0339
TA-J 0.0017 0.0034 0.0005 0.0040 0.0041 0.0071 2%000.0002 0.0009 0.0020 0.0039 0.0036 0.0019 0.0000027
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3.2. TEMPORAL VARIATION OF LARVAL CONNECTIVITY IN A CLOWN FISH METAPOPULATI ON

Publication: Saenz-Agudelo, B G. P. Jones, S. R. Thorrold, and S. Planes. oeahp
stability of larval connectivity in a clownfish nagiopulationin preparation

ABSTRACT

Connectivity, the demographic linking of local ptgtions through the dispersal of
individuals is one of the fundamental factors deiammg species distribution. For species
with dispersing larvae, empirical estimations ohectivity are challenging and so far there
are no empirical studies that have measured hosetlexels of retention within and exchange
among populations vary through time. In an effartbetter understand the magnitude of
temporal variation of larval dispersal among disergopulations, parentage analysis were
used to elucidate the origin of settled juvenilésaccoral reef fish Amphiprion polymnus)
metapopulation in Papua New Guinea over two corsecyears. Dispersal patterns were
estimated by tracing the parental origin of juvesithat were sampled among 9 discrete
populations and measured temporal and spatial ti@riaof self recruitment and the
contribution in recruitment of each population. duhd that both temporal and spatial
variations were higher at small scale (betweenmeasnd between populations) than at
larger scale (between years and metapopulationkeMer, temporal variation within sites at
the seasonal and inter-annual level in both thepgtn of self recruitment and the
individual contribution to the metapopulation wdosver than spatial variation within the
same period of time (season or year). Retentidheametapopulation level (all populations
grouped together) was also rather consistent betyears (18.2 and 25.4% in 2008 and 2009
respectively). In practical terms, our results smsgjgthat empirical estimates of self
recruitment based on parentage analysis might preme advantage over other marking
methods because the temporal frame of measurerhéns anethod might better reflect long
term dynamics of the population involved. Finallyese results also show that highest
temporal variation observed at the individual pagioh level is consistent with a local
perturbation that degraded the habitat and affdfetaahdity.



INTRODUCTION

Connectivity refers to the demographic linking afcdl populations through the
dispersal of individuals among them (Sale et al05&). This measure has long been
considered as a fundamental factor determiningispetistribution and population dynamics
(e.g. MacArthur and Wilson 1967, Levin 1974, Doaka 1992, Taylor et al. 1993,
Lindenmayer and Possingham 1996, Schumaker 199@&; Wi al. 1997, Hanski 1998,
Moilanen and Nieminen 2002yet, empirical estimation of retention and exchaleyels in
natural populations is often challenging. Metapapah studies usually overcome this
difficulty by using simplified connectivity measwréhat are based on landscape structure
where the effect of migration is scaled as a fumctof patch area and patch distance
(Moilanen and Nieminen 2002). This simplificatiossames a large number of patches in the
metapopulation and minimal variation in migratiomang patches between years (Hanski
1994, Hanski et al. 2000). However, the use ofdlssiplified measures becomes difficult in
cases where dispersal is shaped by complex biabgnd physical interactions.

Marine environments are one such case in whichedigipis highly complex. The vast
majority of marine invertebrates and fishes hay#aaktonic larval stage that is responsible
for most of the exchange of individuals among gapfrcally separated populations (Palumbi
2003, Cowen et al. 2007). In addition, the dispemsatrix is far from homogeneous due to
currents and oceanographic features (like eddies faeonts) that will influence dispersal
patterns (Cowen et al. 2000, Cowen et al. 2006mTet al. 2008, White et al. 2010a).
Studies of larval behaviour have shown that malameae have extremely well developed
sensorial capacities, can detect a wide variegeasory cues and have remarkable swimming
capacities (Kingsford et al. 2002, Fisher 2005,dhéd et al. 2005, Simpson et al. 2005, Leis
et al. 2006, Gerlach et al. 2007, Paris et al. 200x¥son et al. 2008). The combination of all
these factors, coupled with biological mechanishest will influence larval survival and
recruitment success, determine the distributiorsadtling cohorts (James et al. 2002, Leis
2007) and their variation in time.

Demographic connectivity is a key parameter in mthedelling and assessment of
population persistence, the design of marine ptete@reas and fisheries management
(Palumbi 2003, 2004b, Sale et al. 2005a, Cowerh €087, Almany et al. 2009, Botsford et
al. 2009). Understanding the variability or predimtity of population replenishment at the
mesoscale (10 to 100 km) is essential because sipagial scale is most relevant to

conservation and management decisions (Hamiltah 006). Variation in the magnitude of
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replenishment has been widely studied in coral fesdf popupulations (e.g.Doherty and

Williams 1988, Wilson and Meekan 2001, Doherty 2083le et al. 2005b, Hamilton et al.

2006). These studies have suggested that while theonsiderable temporal variation in the
intensity of replenishment at the mesoscale, inesaases, oceanographic and biological
factors may intersect to produce predictable, spest spatial patterns (Hamilton et al. 2006).
However, little is known about the magnitude ofigaon in the proportion of replenishment

that is explained either by larval retention witldnpopulation, or larval exchanged among
populations.

Given the complexity of the dispersal matrix armksof marine larvae, the majority of
estimates of dispersal distances are indirect amvetl from inferences using biophysical
models (Cowen et al. 2000, James et al. 2002, RadsCowen 2004, Cowen et al. 2006,
Paris et al. 2007, Treml et al. 2008) or populatyenetics (e.g. Hellberg et al. 2002, Planes
2002, Palumbi 2003, Underwood et al. 2007, Pueblale 2009, Salas et al. 2010).
Biophysical models that describe larval dispersatedl only on environmental factors
(excluding larval behaviour) predict high levels epatial and temporal variation in
connectivity and retention among individual reefanfes et al. 2002). Models that incorporate
simplified larval behaviour predict higher retemtioates than expected based on ocean
currents alone (e.g. Cowen et al. 2000, Cowen. 046, Paris et al. 2007). Estimations of
the magnitude of larval connectivity derived froniredt observations are logistically
challenging but are required to validate indirestireations and model predictions (Botsford
et al. 2009, Jones et al. 2009b). Due to logistomadstraints, most empirical studies have
focused on estimating self recruitment in one patah at one single time measure (Jones et
al. 1999, Swearer et al. 1999, Thorrold et al. 2Q@hes et al. 2005, Patterson et al. 2005,
Almany et al. 2007, Patterson and Swearer 2007, ilttamet al. 2008, Planes et al. 2009,
Saenz-Agudelo et al. 2009). These studies haveidadvvaluable information on how
patterns of self recruitment vary among locationd species and suggest that the geography
might be more important than species traits (swlpealagic larval duration) (Jones et al.
2009b). However, we are still far from understagdiow variable these patterns are over
time. Empirical estimation of temporal variabilitylarval dispersal has not yet been achieved
for any species.

Parentage analysis can be particularly useful éeating ecological dispersal patterns
in systems with high levels of gene flow (Chris#©09). This approach involves using
molecular data (usually highly variable moleculaarkers) to calculate the probability that

individuals within a population have a given radaship (parent-offspring) given their
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respective multilocus genotypes and assuming Merdehheritance. This approach has
already been successfully used in the estimatidareél connectivity and self recruitment in
fishes at the mesoscale level (Jones et al. 208BeP et al. 2009, Saenz-Agudelo et al. 2009,
Christie et al. 2010). Here this approach was useevaluate temporal variation of larval
retention within and exchange among 9 discrete anemaggregations hosting the
anemonefislAmphiprion polymnus near Port Moresby, Papua New Guinea. Larval netent
and exchange among anemone aggregations was neasune2 consecutive years (2008
and 2009) and temporal variation was compared fééreint time (season and year) and

spatial (individual sites and metapopulation) ssale

METHODS

Study species and site

The panda clownfishAfmphiprion polymnus) is a Southeast Asian endemic fish that
lives in close association with discrete aggregatioof two species of anemones
(Stichodactyla hadonni and Heteractis crispa) occurring in sandy habitats associated with
coral reefs (Fautin & Allen 1992). Each anemonesdsally occupied by one breeding pair
and up to eight smaller non-breeders and juvenilbs. female (the largest individual) lays
demersal eggs on the upper surface of shells a c&al next to the anemone. The embryos
develop over a period of 6-7 days before hatchiapu(in and Allen 1992) and post-larvae
settle into anemones after a pelagic larval phastnlg 9-12 days (Thresher et al. 1989).

The study location consisted of 9 spatially disei@temone aggregations, ternsees
to avoid confusion with other sub-population ddfons, in Bootless Bay, Papua New Guinea
(Figure 1). For practical purposes, the group dfit®s in this study is referred to as a
metapopulation. Anemones within each site wereinedfto a ~1ha patch of shallow sand
and sea grass, with distances among sites varymg fL to 30 km. Each year in all
populations, an exhaustive search for all anemoakmised byA. polymnus was performed
for tissue collections, with the exception of Fishen Island (FI). Given the size of
Fishermen Island (FI) and logistic constraintsyarhall proportions of the protected side of
the island were randomly explored both years, aedefore it is likely that only a fraction of
the total fish population was sampled at this dttewever, given the number of anemones
sampled at this site (44 and 41 in 2008 and 206Peively) compared to the size of the
other anemone aggregations (mean number of anem@aBgsthe sample of FI could be

considered representative of the population. lalt@15 anemones hostig polymnus were
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found among the 8 sites (Figure 1). A ninth sitE)(8onstituting 8 anemones was only found
during prospection of potential sites in 2009 ameféfore no data is available for this site in
2008.

Sampling and genotyping

A total of 942 individuals were sampled among th&t8s between January and April
2008 and 927 were sampled among 9 sites betweesathe periods in 2009 (Figure 1). Each
fish was captured by SCUBA using hand nets, meds(ietal length TL), fin clipped
underwatern situ, and then released back onto the same anemohethBiswere too small to

$ ‘ Papua New e
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be fin clipped (less than 30mm) were collected.
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Figure 1 Map showing sites of the 9 anemone aggregatioesrgoAmphiprion polymns in Bootless Bay area
(black filled circles) and prevailing surface cum® during the summer monsoon (November-March)idsol
arrow) and during winter (April-October) (dashedoar). Numbers of fish sampled each year are inditén
brackets (2008, 2009). Crosses indicate sitesdmiBbotless Bay with potential suitable habitatfopolymnus
host anemones that were explored but no anemonesfatend. Dashed lines indicate shallow reef linset:
Location of Bootless Bay in Papua New Guinea. 8ltbdreviations are as follows: Fishermen Island, (FI)
Manubada Island (BE), Lion Island (LI), Taurama {TMotupore north patch reef (MN), Motupore Island
(MO), Loloata Island (LO), Loloata South Bank (BAouth East patch reef (SE).

For all analyses fish were divided in to 3 categ®mccording to their size. The first
category ‘breeders’ consisted of the female anden(idle two biggest individuals) of each
anemone. The remaining fish were then divided imém-breeders’ (>50mm) and ‘juveniles’
(< 50mm). These values were chosen following tlads@. clarkii, a congeneric species with

similar size, where 50mm corresponds to the lowmit lof sexually mature individuals
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(Hattori and Yanagisawa 1991). It also coincidedrapimately with maximum size of 1 year
old fish (see temporal patterns below).

Details of the 18 microsatellite loci and genotypiprocedure are described in
Quenouille et al (2004) and Beldade et al (2009)er DNA extraction, 3 multiplex
polymerase chain reactions (PCRs) were performedirmividual, using fluorescently-
labelled primers to process 18 microsatellite mmmtaining a mixture of dimer and tetramer
repeats. PCR products were processed on a BeckmateCCsequencer CEQ 8000 Genetic
Analysis System and the resulting electropherogramse scored manually. Uncertainties
were cleared by reamplification and comparisonel& were scored as PCR product size in
base pairs. Allelic frequencies and expected heyeties under Hardy Weinberg
equilibrium were calculated in EBALEX version 6 (Peakall and Smouse 2006). Tests for
Hardy-Weinberg and linkage disequilibrium were asctéd using GNepor3.4 (Raymond
and Rousset 1995) and significance levels were steju with sequential Bonferroni
corrections for multiple tests with< 0.05. All 18 loci satisfied Hardy-Weinberg andkage

disequilibrium assumptions.

Parentage analysis

| used the FAMOZ platform (Gerber et al. 2003) $sign juveniles (TL< 50mm) back
to sampled adults in the metapopulation. This ptoce combines exclusion probabilities and
maximum likelihood ratios to select the most likgdgrent for each offspring based on
population allele frequencies, genotype matchingoramparent/offspring pairs and LOD
scores distribution of true parent offspring parsl false pairs (share one allele per locus by
chance), allowing for the inclusion of genotypersup errors (Gerber et al. 2000). Details of

parentage analysis procedure can be found in Sagudelo et al. (2009).

Analysis of temporal patterns

Our objective was to estimate and compare tempar@tion of self recruitment and
local connectivity at different scales, both in éimnd space. | began by comparing variation
at the smallest scale (seasonal variation and arsibeg), and increased the level of analysis
up to inter-annual variation in self recruitment thie metapopulation level (all sites
confounded). | also evaluated differences betwesarsyin the shape of the distribution of
juveniles according to their dispersal distancamfrtheir natal origin based on results of

parentage analysis.
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Prevailing winds in this region are north-west e summer (November to March)
and south-east trade winds during the winter seé&pril to October) (Dennis et al. 2001).
Since surface currents in the coral sea flow ppalty in the direction of the winds (Wyrtki
1960) (Figure 1), | investigated if there was asseal pattern iA. polymnus larval transport.
If the influence of larval behaviour and swimmirgesd was less important than predominant
currents, then one should be able to detect dimeglity in the seasonal larval connectivity
patterns reflecting dominant current flows. Undhistassumption, during summer, the
proportion of larvae transported from South-Eadltoth—West should be greater than in the
opposite direction, and opposed patterns shoulsbberved during winter. However, because
sampling was only every year the settlement sedsorall sampled juveniles had to be
inferred. To do this, | used a combined approacbtolith reading and multilocus genotype
based individual identification to approximatelytelenine the size range, at the moment of

sampling, of individuals that settled during thg dr the wet season each year (Figure 2).

Sampling
~50mm ~25mm period
| | T

T T

May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr

Figure 2 lllustration of the approximated settlement pesida one year (first two arrows from left to rigtioy
A. polymnus juveniles of size at capture (TL) 50 mm and 25 estimated from otoliths and genetic fingerprints.

Lapilli otoliths were dissected from a subsample4% fish collected in the field (up
to 30mm). Age of each fish was determined by cowntine number of daily increments from
the nucleus along the longest axis of the otolithfortunately, daily age determination was
not always possible, mostly for larger fish (>26many clear readings were obtained for 145
of these fish (ranging from 7 to 26 mm in totaldér). The maximum age at size 25mm TL
observed from these otoliths readings was ~102.daigh of ~100 days old sampled in
February should have recruited around the last weectober from the previous year
(which coincides roughly with the end of winter sea). Therefore the size of 25mm was
used as a proxy for the limit between winter anaisier (end October beginning November).
Fish of 25mm TL or smaller were assumed to havéesein the summer season and fish
larger than 26 mm TL were assumed to have setdéardthis point in time.

To identify the upper size limit of juveniles casponding to the end of the previous
summer (figure 2), | compared individual microsiel multilocus genotypes from all

juveniles, fin clipped in both years, using the &ler 6 package (Peakall and Smouse 2006).

56



The combined probability of identity and identitgtiyeen sibs (Waits et al. 2001) for all loci
(18) given the sample size and allele frequenciesewsmall (3.26x1¢ and 6.19x10

respectively). Therefore when two multilocus gepety from different years matched
perfectly it was assumed that they correspondeshioples from the same individual. The
possibility of genotyping errors was also includsdallowing up to 2 mismatches (in 18 loci)
in a first run of the pairwise comparisons. Geneg/fhat matched at all but 1 or 2 loci were
re-scored and accepted if discrepancies were substyg confirmed to be genotyping errors.
Of the 80 juveniles between 30 and 50mm captur&2DG8 and recaptured in 2009, only 10
(14%) were less than 50mm in 2009 from which onlyete locally spawned. The rest either
died before the 2009 census or were larger tham&0nmerefore the same arbitrary 50 mm
top limit for parentage analysis was also a reddyivgood indicator of fish younger than 1
year. Finally, | assumed that there was no selegbiost settlement mortality that would
change self recruitment or connectivity proportiobnstween young (<25mm) and old

(>26mm) juveniles. Consequences of this assumptiermentioned in the discussion.

RESULTS

Seasonal patterns

No evidence of directionality of larval transporasvobserved. Larvae in both size
categories dispersed both North-West and South-&iasttions in similar proportions as
suggested by the results of the connectivity megrior <25mm juveniles (summer recruits)
and >26 mm (winter recruits) for each year (Tahle(%ee also Table 2 for a summary of
each matrix).

Self recruitment (proportion of total recruitmentsite A that arrived from site A) was
highly variable among sites and seasons, rangomg fro self recruitment in various sites to
42%. The highest temporal variation in self reenght was observed in Taurama. Here no
self recruitment varied from 23 to 42% in the fitstee seasons but dropped to zero in the last
summer season (<25mm in 2009) (Figure 3.A). Thetribmriion of each site to the
metapopulation (proportion of recruits that wererbm a site and settled within the study
area) was lower both n magnitude and variation gehrecruitment both among sites and
seasons. The site with the highest contributiothto metapopulation was Taurama with a

contribution of 9% to total recruitment in winter25mm<50mm) 2009 (figure 3.B).
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Table 1 Representation of the seasonal connectivity medridor both inferred seasons: winter
(26mm<Juv50mm) (matrices A and C) and summer (Jon¥R) (matrices B and D) in 2008 and 2009.
Columns and lines are labelled with the abbreuatibeach site and are ordered according to thesgaphic
location (longitude) from East (SE) to West (Flach element;aof each matrix corresponds to the number of
juveniles produced on sitehat settled on site For each matrix numbers in bold across the dialgoorrespond

to self recruits, numbers above the diagonal cpmed to transport from West to East and numbergvbéhe
diagonal correspond to transport from East to West

Source
SE BA LO MO LI MN TA BE FlI SE BA LO MO LI MN TA BE FI
SE
BA 2 - - - - oo 2 - 1 - 1 - 1 -
LO 13 - 1 - 1 1 - 2 - 2 - 2 - - 1
MO -1 01 - 1 2 - 1 12 - 2 1 1 - -
LI 1 1 - - - 2 - 1 - - - - - 1 1 -8
MN 1 - - - 1 - 1 - - - e @
TA - - 1 - 110 - 1 - - -1 - 6 - -
BE - - - - -1 4 - 3 11 1 1 -3 1
FI - -1 - - 1 3 e
<
& A B
SE 1 - - - 1 - - - - Se ..o oo
BA - 7 - 1 2 2 3 1 -2 - - .o
lo - 3 1 2 1 2 2 - 1 - 31 1 - - - - -
MO 1 5 1 2 2 2 6 2 2 -1 - - - 3 1 1 1
b - 2 - - 2 - 1 1 - e
N
MN - - - - 1 - 1 2 - - - - - - - - - -8
TA - 2 - - 3 119 1 1 -
BE - 2 - - 3 - 1 5 - e T
Fl1 - - - - 1 1 - 2 e
C D
26mm< juv <50mm Juv <25 mm
A
0.5 - B o054
0.4 4 = g 0.4
o
g g
£ 0.3+ o g0'3,
= e
] 0 c
02 2 0.2
<
0.1 A o A O g 8 014
A Q X 0 Q \ 6
0.&%@*&% B 2
SE BA LO MO LI MN TA BE FI SE BA LO MO LI MN TA BE FI
Site

Site

Figure 3 Distribution of relative frequencies of&) self recruitment andB) contribution of the site to
metapopulation among the 9 anemone aggregationsmdds polymnus in Bootless Bay for each size category:
2008 >26mm (circles) <25mm (squares) and in 20081 (triangles) and <25mm (crosses).
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For both self recruitment and contribution of eattk to the metapopulation, temporal
variation (within sites) was smaller than spatialiation (across sites) within each season.
This pattern was more evident for self recruitmtéan for the contribution of individual sites
to the metapopulation. With the exception of Tawmastandard deviations of the mean self
recruitment across sites within seasons (spatialatian) were higher than standard
deviations of the mean self recruitment within si@cross seasons (temporal variation),
(figure 4.A).

A SE | B SE |
BA | BA |
LO | LO
MO ]| MO |
Ll | LI
MN | MN |
TA TA |
BE BE |
Fl | Fl |

2008>26mm
2008<25mm
2009>26mm
2009<25mm

2008>26mm
2008<25mm
2009>26mm
2009<25mm

Average temp
Average spatial

Average temp
Average spatial

T
0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10

Standard deviation Standard deviation

Figure 4 Distribution of the standard variation of the teorgd mean (within sites mean across the 4 seasons)
(white bars) and spatial mean (across sites wid@asons) (grey bars) f¢A) self recruitment and (B)
contribution to metapopulation.

In terms of the contribution of individual sites tbe metapopulation, differences
between spatial and temporal variation were lesdeat. However, the average spatial
standard deviation (across sites within seasons) shightly higher than average temporal
standard deviation (within sites across seasongli& 4.B).

At the metapopulation spatial scale, the proportbself recruitment (averaged over
all sites) was relatively low in absolute termsalhseasons, ranging from 4.1 to 10.2% (Table
2). This value was also very similar among the sag@son of different years (4.1 and 5.8%
in summer, and 9.4 and 10.2% in winter, 2008 an@92@espectively). Average local
connectivity among sites was higher than self igorent in all seasons. Average connectivity
was very similar for both seasons in 2008 and sun2©@9 (~10%), but was almost twice as
much in winter 2009 (18.9%). The proportion of gelfruitment at the metapopulation level
(locally produced juveniles that settled within arfethe 9 sites study zone) varied between
16% and 29%.
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Table 2 Number ofA. polymnus juveniles that dispersed South-West and North;Easan self recruitment and
local connectivity per site for Bootless Bay area éach juvenile size category as a proxy for rigoent in
different seasons. Last column corresponds to tbegotion of juveniles of each size category assigby
parentage analysis, all sites confounded (metaptipu), corresponding to the overall self recruittnf®r each
season.

Year Size category  Total Assigned  Juveniles % Self % local Overall
(Season) juveniles by dispersing recruitment  connectivity self
parentage SW /NE mean+SD mean+ SD recruitment
>25mm<S0mm - g, 48 12/12 04+96  113+7.7  18.5%
2008 (winter)
<25mm 226 40 15/ 14 41%7.7 10.9+ 8.8 17.6%
(summer)
>25Mm<50mm - 344 106 39/28 102135  182%7.7 29.6%
2009 (winter)
<25mm
138 22 717 58+£7.1 89199 16.4%
(summer)

Inter annual patterns

Temporal variability of self recruitment within eg was much lower than spatial
variability among sites. Among sites, Taurama (®Xhibited the highest self recruitment
rate in both years, more than twice that at angrotiite (27 and 35% in 2008 and 2009
respectively). In the remaining sites, self reeng@ht was lower, varying from 12% to 0%
between sites, but also relatively constant betweans (Table 3, Figure 5.A).
Table 3 A. polymnus connectivity matrix among 9 sites in and near Rxsst Bay over two consecutive years
(2008 and 2009), calculated by identifying the hatégins of juveniles using parentage analysisldBealues
over the diagonal represent self recruits. Last towes correspond to the sum of assigned juveniteistatal of

juveniles sampled at each sink site. For each yasiryow corresponds to the number of juvenilexipced at
each source site that settled within the metapdipul®oundaries.

2008 Source

Sink BA LO MO TA LI MN BE CO SE Total assigned Tojaveniles
BA 4 0 1 1 0 1 1 0o - 8 71
LO 3 3 2 1 1 2 1 1 - 14 69
MO 1 3 1 3 2 2 0 1 - 13 70
TA 0 0 1 16 1 1 0 1 - 20 59
LI 1 1 0 3 0 0 1 1 - 7 42
MN 1 0 0 0O O 1 1 0o - 3 10
BE 3 1 1 1 1 1 7 1 - 16 102
CcoO 0 0 2 2 0 0 1 3 - 8 68
Total from source 13 8 8 27 5 8 12 8 - 89 491
2009 Source

Sink BA LO MO TA LI MN BE CO SE Total assigned Tojaveniles
BA 9 0 1 2 2 0 3 1 0 18 73
LO 6 2 3 2 1 2 0 1 0 17 68
MO 6 1 2 7 2 5 3 3 1 30 95
TA 2 0 0 19 3 1 1 1 0 27 57
LI 2 1 0 1 2 0 1 0O O 7 40
MN 0 0 0 1 1 0 2 0 0 4 20
BE 2 0 0 2 3 0 9 0O O 16 89
Cco 0 1 0 1 0 1 0 3 1 7 44
SE 0 0 0 0 1 0 0 0 1 2 21
Total from source 27 5 6 35 15 9 19 9 3 128 507
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Figure 5 Distribution of relative frequencies 8) self recruitment anB) contribution to the metapopulation

among the 9 anemone aggregations hogtirgplymnus in Bootless Bay in 2008 (round symbols) and 20528r(
symbols).

The annual recruitment contribution of each siteh® metapopulation was low in
general for all sites and both years (maximum doution was 8% for Taurama in 2009)
(Figure 5.B). Average self recruitment across ilsswas similar between years (7.5 % and
8.6% for 2008 and 2009 respectively). As for seabwoariation, inter-annual variation was
lower than spatial variation among sites both felf secruitment and contribution to
metapopulation of each site. Overall self recruritmgcomprising all sites) was relatively
constant between years with 89 / 491 (18.2%) artl /1207 (25.2%) juveniles born and
settled in one of the sampled sites in 2008 an® 28€pectively (Table 3).

The distribution of the proportion of juveniles aoding to the dispersal distances in
2008 was very similar to that in 2009 (4= 3.66, P=0.938). In both years, locally spawned
larvae tended to stay relatively close to the sitbere they were spawned, with more than
65% of juveniles recruiting within 3 km of their tah anemone in both 2008 and 2009.
However not a single larvae returned to the saneenane where it was spawned. Figure 6
shows that self recruitment had a tendency to leerepresented in both years compared to
random expectations based on the distribution sfadces among suitable habitat (sites)
(X294t 2008 = 20.5, P = 0.015; & 2009= 34.6, P< 0.001). In both years, this

overrepresentation was the result of consistertit &&if recruitment in Taurama (see table 3).
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Figure 6 Distribution of the frequency of assigned juvesilaccording to the estimated dispersal distance
obtained from parentage analysis in 2008 (whites)oand in 2009 (grey bars). The distribution oftatises
among suitable habitat (sites) in 2008 (x symbaftg) 2009 (round symbols) are also shown. Labeltherx
axis correspond to the central value for each wigtalass. Note that zero (0) distance class repteguveniles
that settled in the same site as their parent$ i@eluits) and that differences in distributionsafitable habitat
between 2008 and 2009 correspond to the incorporafi site SE in 2009.

DISCUSSION

Here self recruitment and exchange among anemagreg@agions were estimated over
two consecutive years (2008 and 2009) and tempmchispatial variation of larval exchange
at different scales were evaluated. These resudjgest that at this scale, there is no obvious
directional pattern of larval dispersal in accomato dominant current patterns in the region.
That levels of temporal variation in self recruitmeeven at small scales (seasons), tend to be
of lesser magnitude than spatial variation amougvidual reefs (sites). They also show that
temporal patterns become less variable as botkghtal and temporal scales at which they
are estimated is increased. To our knowledge jshise first time that an analysis of temporal
variation is included in an empirical study of nm&riarval connectivity.

There was no evidence of obvious seasonal dirgdity in exchange patterns among
sites. This could be the combination of bias linkedur estimation of seasonal wind shift,
estimation of settlement date, within seasonalabglity of current direction and active larval
behaviour. Nevertheless, despite all the possitlieces of error, there is substantial evidence
showing that coral reef fish larvae have extraadinwell developed sensory organs, are
extremely sensitive to several different sensorgsc(Lecchini et al. 2005, Simpson et al.
2005, Gerlach et al. 2007, Dixson et al. 2008, Swnpet al. 2008), have remarkable
swimming capabilities (Irisson et al. 2004, Leisakt2006, Leis 2007, Paris et al. 2007) and

can swim in precise directions (Leis and Carson+E®@03, Huebert and Sponaugle 2009,
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Irisson et al. 2009). Therefore, it seems thaintlst parsimonious explanation for this lack of
directionality between seasons might be linkedctiva behaviour and directional swimming
in directions other than residual current flow. iRgrs residual currents do play a role, but
interactions with larval behaviour and the rathealt scale of the study simply do not allow
us to distinguish between them. Coupling a bioptatsnodel to these empirical observations
would definitely help understanding these obseovesti

| analysed seasonal patterns in self recruitrasstiming non selective post-settlement
mortality of locally spawned larvae. Selective pssttiement mortality either for or against
locally spawned larvae would change self recruitnrates measured among different size
classes. For example, newly settled larvae thdedeh an anemone containing an unrelated
dominant fish may be more (or less) likely to béced than settling larvae more or less
related. In the case of selection in favour of latesl individuals, the proportion of self
recruitment in small size classes would be largantthe one measured for larger size classes
because unrelated newly settled larvae are leslylik be evicted. This could be expected if
this behaviour had an evolutionary advantage {e.gvoid inbreeding depression) (Buston et
al. 2007). However, | believe that such selectiohis particular system, if it exists, should
be very weak to be detected. First, the weaknesisioEelection is supported by the work of
Buston and collaborators that showed that at leasbne anemonefish species percula),
fish groups are not composed of close relativeso®#® given the low proportion of self
recruitment observed in this metapopulation, thebability that fish larvae settle in an
anemone with a close relative is extremely smadier&fore if this selection operates in this
system, it might be in too few events to actualfjuence self recruitment proportions.

Self recruitment proportions were highly variabtettee smallest scale (between sites
and between seasons). The most obvious exampiglotdmporal variation at this level was
at Taurama with contrasting patterns of self reorant ranging from 0 to 42% (0 and 19 self
recruits respectively). However, what is interegtiere is that temporal variation at this small
scale is on average lower than spatial variatioth(the exception of Taurama). Proportions
of self recruitment and connectivity among sitesiamed constant in time despite the big
differences in the total number of recruits obsdrbbetween some seasons (369 in 2009 vs
128 between seasons). At a large spatial and tehgoale (metapopulation and year)
variation in self recruitment was small with onl\24 difference in self recruitment between
both years. Both deterministic and stochastic meee influence levels of population
replenishment. Stochasticity can be more importaintsmall scales and therefore, the

magnitude of variation is expected to diminish wiitisreasing scale of measurement. This
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pattern has been observed in recruitment measuteshether coral reef fish (Hamilton et al.
2006), and the same rules seem to apply here éopribportions of larvae exchanged among
or retained within spatial units.

In practical terms, our results suggest that emglistimates of self recruitment will
be highly variable if the temporal scale at whitleyt are measured is small, but becomes
more constant as the time frame involved becomsggelaln this sense, a single time
assessment of larval dispersal patterns at a $emafioral scale (weeks or months) might not
be very informative for conservation managers bgedarge fluctuations at this scale of time
might not reflect long term dynamics of the popolatinvolved. Parentage analysis might
present an advantage over other marking methoawegJet al. 1999, Thorrold et al. 2006,
Almany et al. 2007) because the temporal frame edsurement can be more easily adjusted
as natural DNA marks only disappear with the dedtine individual.

These estimations might provide appropriate gumslifor conservation strategies,
and could provide valuable data to validate bioptafanodels. In the long term, once these
models will be validated (and proved sufficientlycarate), they will be able to provide data
on dispersal kernels over much larger spatial amdpobral scales, for which empirical
estimation using available methods such as parentamlysis still remains logistically
overwhelming (James et al. 2002, Cowen et al. 2006)

Finally, the low temporal variation found at botbasonal and inter-annual scales
might be the consequence of long-term demograghlalisy in this population system. In
this anemone fish metapopulation available halsésms to be near its maximum carrying
capacity (empty anemones were extremely rare dusumyeys). Under habitat near its
maximum carrying capacity, the number of breedethimveach site should remain rather
constant in time because breeders that die are diabtey replaced by non breeders that are
queuing for the breeding position (Buston 2004tg.aAconsequence, self recruitment and the
relative contribution of each site to the metapapah are expected to remain constant in
time. In turn, local perturbations may differenyyaaffect individual populations. In such a
case, the proportions of self recruitment and idial contributions of each site to the
metapopulation should also be affected. Puttingresults in this context, with the exception
of last season (summer 2009), they suggest thattbtapopulation is in a demographic state
of equilibrium as all proportions were rather samiamong the first three seasons. However,
extending this temporal study will be necessaryvéoify the veracity of this apparent

temporal stability.
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In terms of the last season, the most represeatablignge was the drastic drop in self
recruitment and contribution to the metapopulation Taurama. This change could be
explained by a bleaching event that began in Noeen2®08 that affected all anemones
shallower than 7m deep in the entire metapopulatkaremone bleaching and associated
habitat degradation had a significant negative chpa fish fecundity (see chapter 4, section
1). Anemone depth distribution was highly differamong sites (see chapter 4 section 1 for
details) and Taurama was among the most heavigctifi by bleaching which is likely to
explain this drastic change at this particular.slteaddition, total recruitment in this last
season was around 50% less than in all 3 otheosgashis reduction translates into higher
stochastic variation and therefore higher tempeoealation in relative contributions. The
interesting question that arises is to know ifraftés bleaching event, whether the system will
return to its original state and how long it wake. This will depend on how this perturbation
affected the structure of individual populationsilYdlonger time series data will provide the
answers and help to better understand long terninengmopulation dynamics. Long term
studies are particularly warranted given the insirga frequency and magnitude of

perturbations linked to climate change (Mundayl.e2@09).

65



CHAPTER 4

EFFECTS OF PARENTAL ENVIRONMENT ON POPULATION DYNAMI CS

This chapter is also structured as two sections.firkt one explores how habitat
degradations via anemone bleaching affected logsmics in this metapopulation. The
second section investigates if parental effectsthed relationship with reproductive success.
It focuses particularly in the well known relatibis between maternal size, fecundity and
larval quality, and tests if this relationship iaimtained through the entire pelagic phase and

results in higher contribution to local replenisimnby larger females.
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4.1 SHORT TERM RESPONSE TO HABITAT DEGRADATION

Publication: Saenz-Agudelo, B G. P. Jones, S. R. Thorrold, and S. PlanesirDental
effects of host anemone bleaching on anemonefiphlations.Coral Reefs 30: 497-506.

ABSTRACT

Coral bleaching and related reef degradation hawesed significant declines in the
abundance of reef-associated fishes. Most atteptiaime effects of bleaching has focused on
corals, but bleaching is also prevalent in othedamans, including sea anemones. The
consequences of anemone bleaching are unknowrhandemographic effects of bleaching
on associated fish recruitment, survival and repctidn are poorly understood. | examined
the effect of habitat degradation including hostranne bleaching on fish abundance, egg
production and recruitment of the panda anemoneishphiprion polymnus) near Port
Moresby, Papua New Guinea. Following a high tempesaanomaly in shallow waters of the
region, most shallow anemones to a depth of 6mréappately 35% of all the anemones in
this area) were severely bleached. Anemone magrtalds low but bleached anemones
underwent a ~34% reduction in body size. Total nemslofA. polymnus were not affected by
bleaching and reduction of shelter area. While pggluction of females living in bleached
anemones was reduced by ~38% in 2009 compared(®, 299 production of females on
unbleached anemones did not differ significantlywleen years. Total recruitment in 2009
was much lower than in 2008. However, no eviderfceecruiting larvae avoiding bleached
anemones at settlement was found suggesting that &ctors or different chemical cues
were more important in determining recruitment theitat quality. These results provide
the first field evidence of detrimental effects dfmate-induced bleaching and habitat
degradation on reproduction and recruitment of arefish.
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INTRODUCTION

Severe bleaching events and associated coral fipréaé contributing to a world
wide decline in the health of coral reefs (Glynf®@39Pandolfi et al. 2003). Increasing ocean
temperatures, directly attributed to climate charage resulting in increasingly frequent and
severe bleaching episodes (Hoegh-Guldberg 1999 hétuget al. 2003). There is also
increasing evidence that coral reef degradation canse significant declines in the
abundance of other reef organisms such as corélfisles (Kaufman 1983, Kokita and
Nakazono 2001, Adjeroud et al. 2002, Jones et(42Feary et al. 2007). Bleaching not
only affects corals but also a range of other amda including sea anemones,
anthipatharians and corallimorpharians, and othra tcontaining symbiotic algae such as
some sponges and bivalves (McClanahan et al. 2@39Jor corals, these habitat-forming
organisms can host numerous fishes and invertebifaa¢ depend on them for food or shelter.
However, the influence of bleaching of organismbeotthan corals on reef-associated
organisms has received little attention.

While dramatic effects of coral bleaching on rashfcommunities have been well-
described (Lindahl et al. 2001, Booth and Beret@22@ones et al. 2004, Bellwood et al.
2006, Garpe et al. 2006, Emslie et al. 2008, Pedttet al. 2008) the demographic processes
responsible for population declines and recovearespoorly understood. Recent studies have
shown that bleaching can alter the feeding behadfifish species that feed directly on corals
(Cole et al. 2009) and have a negative effect eir fshysiological condition (Pratchett et al.
2004), growth (Feary et al. 2007) and mortality KK@ and Nakazono 2001, Coker et al.
2009). Other studies have shown that reef fisheg bearesilient to bleaching, but not actual
mortality of host corals (Bonin et al. 2009). Whdkanges in physiological condition may
affect egg production of breeders and larval qudlitonelson et al. 2008), there is still no
direct evidence that habitat degradation (such laaching) has a negative impact on
reproductive success. In turn, a negative impactreproduction could have significant
consequences for the population dynamics and easéi of affected fish species (Munday et
al. 2009). In general, the demographic consequesmogdong-term implications of bleaching
are unclear, and this is particularly true for anaes and associated organisms.

Anemonefishes (Pomacentridae) live in an obligatsoeiation with certain sea
anemones in the Indo-Pacific that provide the ¥ist oviposition sites and protection from
predators (Allen 1972). Recent evidence has suggéisat host anemones and anemonefishes

may be in decline, as a result of destruction salcbabitat due to bleaching and collection
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for the aquarium trade (Jones et al. 2008). Howewedate no studies have examined the
demographic consequences of host anemone bleamhiagemonefishes.

The aim of this study was to examine the immedsdfiects of anemone bleaching and
habitat degradation on the abundance, egg produeta larval settlement of the panda
anemonefish,Amphiprion polymnus (Linnaeus 1758). Endemic to Southeast Asia,
polymnus lives in close association with discrete aggregetiof two species of anemones
(Stichodactyla hadonni and Heteractis crispa) that occupy sandy habitats associated with
coral reefs. Each anemone is usually occupied leyloaeding pair and up to eight smaller
sub-adults and juveniles. The female (the largedividual) lays demersal eggs on the upper
surface of shells or dead coral next to the anembime embryos develop over a period of 6-7
days before hatching (Fautin and Allen 1992) artel $éage larvae settle into anemones after a
pelagic larval phase lasting 9-12 days (Threshat.e1989). Recent studies have indicated a
significant proportion of larvae recruiting intowdtpopulations are locally spawned (Jones et
al. 2005, Saenz-Agudelo et al. 2009), suggestirag #ny local effect of bleaching on
reproduction or embryo survival could also impactal recruitment.

Our study capitalized on a dramatic bleaching evkat occurred in Bootless Bay
(PNG) mid-way through a project in which abundaresgy production and recruitment Af
polymnus were being monitored. Weekly surveys over 2 montlese carried out during
2008, prior to bleaching, and in 2009 when appratety one third of the anemones were
bleached. This provided the opportunity to quarttiy magnitude of demographic changes in

bleached and unbleached anemones.

MATERIALS AND METHODS

Study site and species

This study was conducted at Bootless Bay (09°3145,°17’'E) near Port Moresby,
Papua New Guinea. It focused on 6 discrete agdoegabf the anemoneStichodactyla
hadonni and Heteractis crispa confined to discrete ~1ha patches of shallow samdl sea
grass (Figure 1a). These anemones were occupiédaditlt pairs ofAmphiprion polymnus
that laid eggs on coral fragments and other habdtsata (Figure 1b) or artificial tiles (Figure
1c). The six sites were monitored for two monthebfaary-April) in 2008 and again over the
same two months during a bleaching event in 2008w~ 35% of the anemones were
severely bleached (Figure 1d). Finally, all sitesravvisited again in February 2010 where

only presence and condition of each anemone wasded.
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Papua New
Guinea

Figure 1. A) Satellite image showing the 6 studied anemoneeaggions hostingdmphiprion polymnus in
Bootless Bay area (white filled circles). Image ntesy of Phill Shearman, University of Papua Newn@a.
Inset: Location of Bootless Bay in Papua New GuirgaAdult pair of A. polymnus and their host anemone
Stichodactyla hadonni, Bootless BayC) and D) same anemone3fchodactyla hadonni) in site TA, Bootless
Bay: unbleached in 2008 (C) and bleached in 2009 I{fDboth images at the left side of the anemanenie of
the tiles used to measure egg production. Tile pr&sents an egg clutch (orange colorhgbolymnus laid one
day before the photo was taken.

Temperature data

Four Odyssey (© Dataflow Systems) submersible teatpee data loggers were
deployed in February 2008 at 2 sites (LI and MOnat different depths (shallow ~2m and
deep ~10m) to measure in situ water temperatunap€eature readings were recorded every
30 minutes from 1 February 2008 to 22 February 2009

Field surveys and data collection

In January 2008 all anemones colonizedAypolymnus were individually tagged
using small underwater buoys and plastic tags fath¢o metal pins that were buried in the
sand next to each anemone. A total of 155 anemeaes marked and followed for 2 months
each year. In each survey | estimated each anemendace area, counted their number of
residentA. polymnus, estimated the egg production per breeding fislpeoand surveyed for
the arrival of new recruits. Surface area @mwas estimated by photographing each anemone
using an underwater camera and the image processitgare ImageJ (Abramoff et al.
2004). Because anemone size can vary slightly ftaynto day (Buston 2003a) each anemone

was photographed 2 times over each survey and ¢fa@ lsrea was calculated.
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Prior to each survey, all fish at each anemone waptured on SCUBA using hand
nets, measured underwater to 1 mm using calipetal (ength: TL), fin clipped and then
released back on the same anemone. | collectgdvahiles that were too small to be fin
clipped (less than 30mm). Resident anemonefish pnayent recruitment of new individuals
at high densities (Buston 2003b). Therefore remowtlthe small individuals also
homogenized conditions for recruitment among akraones. For the duration of each
survey, all new recruits settling on each anemovexr the sampling period were captured
using hand nets. Samples were preserved in 95%athad returned to the laboratory for
subsequent genetic analyses. For each fish coiodiyjduals were separated into 4 arbitrary
size/maturity categories: (1) the 2 largest indinald measuring at least 50mm TL were
considered the breeding pair (Moyer and Steene)192PThe remaining individuals at each
anemone larger than 30mm (TL) were considered dulisa(3) Individuals of 30 mm TL or
smaller already present at the beginning of eacheguvere considered as juveniles. (4) All
individuals that settled in anemones within the 8elus of surveys were considered new
recruits.

Each year after the general fish census and tisamepling, each anemone was
surveyed twice a week over two months (FebruarylApo record the presence of egg
clutches and new recruits. To estimate the eggustazh for each breeding pair, a 49%(v
X7 cm) ceramic tile was placed next to each anen2oweeks before the beginning of each
survey to standardize access to spawning surfatesmg@ anemones (Fig. 1b and c). All
females were using the tiles to lay eggs afterweeks in both years. Egg clutches were then
photographed using an underwater digital cameracardh area (cf) was estimated using
ImageJ software. | used the cumulative area ofcagghes for each female during the 8 week
sampling period as a measure of individual egg yectdn. During both surveys
reproductively activeA. polymnus were only observed istichodactyla hadonni, with the
exception of 1Heteractis crispa where one small clutch was observed in 2008 (Saenz
Agudelo, pers. obs.). As a result, from the 155k@@ranemones, the 4%eteractis crispa
anemones were excluded from the analysis. Frometimaining 111Stychodactilya hadonni
anemones, 101 had complete observations in botleysurand were included in statistical
analyses of anemone size aAd polymnus densities (Table 1). For comparisons of egg
production, | selected for analysis only those ames#s where the same fema&epolymnus
was observed in both years (see resag: production) to eliminate female identity as an
additional source of variation in egg productiotvEen years. These females were identified

by comparing individual microsatellite multilocugrgptypes (see parentage analysis below
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for details of genetic markers) from all fish fiipped in both years using the Genalex 6
package (Peakall and Smouse 2006). Combined pitapaidi identity and identity between
sibs (Waits et al. 2001) for all loci (18) giveretBample size and allele frequencies were
small (3.26x13%and 6.19x10 respectively). Therefore when two multilocus ggpes from
different years matched perfectly it was assumatl ttiey corresponded to samples from the
same individual. | also included the possibility ggnotyping errors by allowing up to 2
mismatches (in 18 loci) in a first run of the pase comparisons, genotypes that matched at

all but 1 or 2 loci were re-scored and acceptedwali if discrepancies were indeed

genotyping errors.

Table 1. Distribution of anemones ard polymnus egg clutches and new recruits among the six ssitdg in
Bootless Bay, Papua New Guinda. Depth range of anemones per sitdl: Total number of anemones per
site. S.h: Subset oftychodactyla hadonni with complete observations in both years and ihetlin statistical
analysesS.h.R Subset of anemones where the female surveye®08 Burvived to 2009, had at least one
clutch of A. polymnus in one of both surveys and were included in eggipction comparisongB): number of
bleached anemones in each category. Finally, tmbeu of A. polymnus egg clutches observed (fro8ih
anemones, n = 101) and number of new recruitsathiated at each site during the surveys (obsematfoom

TN anemones, n = 155).

Anemones A. polymnus
N° egg clutches New recruits

D(m) TN(B) S.h.(B) S.h.R(B) 2008 2009 2008 2009

Site

BE 815 44 (0) 22 (0) 6 (0) 64 56 36 8 2

LI 418 17 3) 10 (1) 5 (0) 14 17 12 4
BA 412 32 (9 21 (5) 7 (4 40 39 17 2
LO 310 21(10) 16(10) 7 (3) 39 21 11 2
MO 311 14(10) 9 (8) 7 (5 20 16 9 6
TA 37 27(23) 23(20) 17 (15) 55 60 10 2
Total 155 (55) 101 (44) 49 (27) 232 209 95 44

Statistical analyses
| investigated the effects of bleaching (as andattir of habitat degradation) on A)

anemone size, B) number Af polymnus per anemone and C) egg production using simple
non-parametric tests implemented in R (R Develognt@re Team 2007) as most of the
response variables measured here were highly Variabd did not follow normality
assumptions or homogeneity of variances even diffierent data transformations. To control
for the lack of independence between repeated mesasan the same anemone, for each
response variable | calculated the within anemaerdiannual variationX), measured as
the difference between 2009 and 2008 per anemos@sX X2009 Where X is the response
variable of interest (A, B or C). Under ideal cdmis nesting the treatment
“bleached/unbleached” within site and depth wouéivéh allowed us distinguish between

variation linked to spatial heterogeneity and tffeats of bleaching and habitat degradation.
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However, as bleaching affected only anemones illoshavaters and anemone’s depth
distribution range differed strongly among sites ¢a the proportion of bleached anemones,
see figure 2 for details) this approach was natibde. Therefore, | compargX across sites

for both bleached (shallow) and unbleached (deeein@anes independently to test for spatial
heterogeneity. BecaugeX was not significantly different for both bleachadd unbleached
anemones among sites (see results), the effediteathing were tested by comparify
among bleached and unbleached anemones {#X) pieached= Z(AX) unbleache)y COMbined
across sites, using Wilcoxon rank sum test. Findllysed Wilcoxon signed rank tests to
evaluate if there were consistent differences, ayet across all anemones, between years
(Ho: ZAX = 0). For each test, the alternative hypothesilk the smallest associated p-value is

shown in the results.

Parentage analysis

Parentage analysis was used to investigate whétieee was a difference in the
proportion of new recruits that were locally spadrgbleached/unbleached) before and after
bleaching in Bootless Bay. A total of 546 indivithian 2008 (451 adults and sub-adults, and
95 new recruits) and 464 individuals in 2009 (480l and sub-adults and 44 new recruits)
were screened for 18 microsatellite DNA loci (Quaitie et al. 2004, Beldade et al. 2009b)
that satisfied Hardy-Weinberg equilibrium assumpgiol used the FAMOZ platform (Gerber
et al. 2003) to assign new recruits back to samplédits among the 6 sites described
previously. Details of parentage analysis procedizme be found in Saenz-Agudelo et al.
(2009).

RESULTS

Temperature and effect on anemones

Bleaching affected all shallow anemones down to deep (n=27, all sites combined),
20 anemones (85 %) between 5-6 m deep and 9 anen{b&oc) between 6-7 m. All
anemones below 7 meters did not undergo bleachtigure 2). This bleaching pattern
corresponded with a spike in the water temperaturehallow water, with temperatures
exceeding 32°C from the last week of November td-BDecember 2008. Water temperatures

measured at 10m depth never went over 30.7°C (Eigur
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Inter-annual differences among sites for both hiedc(shallow) and unbleached
(deep) anemones for all variables were not stedilbyi significant (Table 2) and therefore all
sites were combined in further analyses to tes¢fi@cts of bleaching.

Table 2 Summary of Kruskal-Wallis tests performed to eveduapatial heterogeneity among sites for all

variables measured. Tests were performed indepdpden shallow anemone®leached and deep anemones

(unbleached. Sites BE and LI were not included in the “Bleadhtest as both sites had less than 2 bleached
anemones.

Variable Test K-W chi® d.f. P

A) A anemone size Slr?tﬂggiﬂed i‘é‘é :; %3932
B)AFishdensity  Lrooored 268 3 0442
C) A egg prod/female S'ne;ggif]ed 3;-'36’;88 :; %.zzi

Anemone size was affected by bleaching (Wilcoxarkrseum test, Hi:Z(ASiz€)jeached
< Z(Asiz€)npleached W = 2145.5, P< 0.001). On average, bleached anesnanderwent a
reduction in size of ~34%, while unbleached anermagparently grew between 2008 and
2009 (Figure 4.1.4). The difference in anemone, saxeraged across all anemones, was not
significant between years (Wilcoxon signed rank,tés: >(Asize) < 0, V= 22415, P =
0.129). Despite the significant size reduction,yadlof the bleached anemones disappeared
during the 2009 survey and some of the remainireg dregan to show signs of pigmentation
recovery at the end of this survey. In FebruaryR0dll remaining anemones were still
present and appeared fully recovered.
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Figure 4 Mean surface area (SE) of bleached (solid bars) and unbleached (bpes)S. hadonni anemones,
before (2008) and after (2009) the bleaching event.
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Resident fish density

Results of the Wilcoxon rank sum test for all fiskitegories combined indicated that
bleaching had no significant effect on the mean lmemof resident fish per anemone (res)
(Hi: Z(Ares)pieached > Z(Ares) unpleached W = 1364, P = 0.206). However, the mean number of
resident fish per anemone was significantly diffiereetween years (Wilcoxon signed rank
test, Hi:Z(Ares) > 0, V= 1314.5, P< 0.001), with more residgr@isanemone in 2009 (mean
+ SD: 4.7 £ 2.7) than in 2008 (mean + SD 3.7 £ 1H) investigate if a particular fish
category (breeders, sub-adults or juveniles) wapamsible for this change | performed
similar tests on each fish category individuallyo Nignificant effect of bleaching was
observed for any of the fish categories analyzg@arsgely. Of all categories, only sub-adults
showed a significant difference between years @&l The number of sub adult fish per
anemone in 2009 (mean = SD: 2.6 + 1.7) was hidhar in 2008 (mean + SD: 1.9 + 1.3).

Table 3 Summary of Wilcoxon signed rank tests performeevaluate differences between years (2008 and
2009) in densities of individual categories/Afpolymnus. For each test the null hypothesis was no diffegzen
between year(A number of fish = 0). The alternative hypothesis ). with the smallest p-value is shown.

Test A. H. V-value P
Breeders (B) > (AB) <0 25.0 0.136
Sub-adults (SA) > (ASA)>0 2255.0 <0.001
Juveniles (J) >(A)) <0 992.5 0.070

Egg production

The comparison of multilocus genotypes from indinats sampled in both years
revealed that 54 females were recaptured in 2080had been fin clipped in the previous
year (n=93). From these, 49u{keachedt 22, Mieached 27) had complete observations of egg
production and were used for subsequent analyggspiduction, was significantly lower in
2009 than in 2008 (Wilcoxon signed rank test, R({Aegg) < 0, V= 304, P < 0.002). There
was a significant differential decline in egg protlon (eggs) of females present on bleached
anemones compared to those on unbleached onesofhiacank sum test, H&(Aeggs)
bleached= 2(A€QQS )unbleached W = 454, P = 0.001). Mean egg production of fesan bleached
anemones declined by 39.3% from 2008 to 2009 bwg mat significantly different on
females present on unbleached anemones betwees (#&dcoxon signed rank test, Hi:
2(Aedgq) unbleaches< 0, V=121, P = 0.582) (Figure 5). Total eggduction at the population
level (measured as the sum of all egg clutchesyweml by all females of all sites monitored
during each survey) was lower in 2008 than in 2@@9both bleached and unbleached

anemones (Table 4). However, this reduction waatgrdor bleached anemones (~38%) than
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for unbleached ones (~20%). In 2008 the relativetrdoution to total egg production of
females in bleached and unbleached anemones wasad®%5% respectively. In 2009 these

percentages changed to 38% and 62% for femaleseached and unbleached anemones
respectively.
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Figure 5 Egg production per femalke polymnus during 8 weeks of survey (measured as the sutneoéteas of
the egg clutches laid in this period), before (90&&d after (2009) the bleaching event. Bars remtesiean (+

SE) egg production per female that were laid nextiéached (grey bars, n = 27) and unbleached évigaits,n =
22) S hadonni anemones.

Table 4 Distribution of eggs (total clutch area) and nescruits of A. polymnus between bleached and
unbleached anemones, before (2008) and after (20@%leaching event. Egg production is expressetha
sum of areas of clutches laid in either bleachedniMeached anemones. Total new recruits (TR) wlassified
according to the type of anemone were they setBetf.recruits (SR) were classified first accordinghe type
of anemone were they were born (Born) and thenrdowpto the type of anemone were they settled)(Set

2008 2009
Eggs (cm?) TR SR Eggs (cm?) TR SR
Type of anemone m “Born (Set) (Set)
Bleached 2078 30 8 (b) 1292 10 0(1)
Unbleached 2518 65 7 ap) 1993 34 4(3)
Total 4596 95 15 3285 44 4

Recruitment

Bleaching had no significant effect on the numldemew recruits (NRs) per anemone
(Wilcoxon rank sum test, HE(ANRSheached< Z(ANRS)inbleached W = 1780.5, P = 0.489).
However, the mean number of new recruits per anem@s significantly lower in 2009 than
in 2008 (Wilcoxon signed rank test, Hi(ANRs)< 0, V = 498, P< 0.001). Total recruitment
was ~54% less in 2009 than in 2008 (44 and 95 reswuits respectively). Before the
bleaching event (2008) ~32% of new recruits (39%)f settled in anemones that would suffer

bleaching in 2009 and the rest (65 of 95) setttedriemones that did not suffer bleaching.
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After the bleaching event (2009) ~23% of new rdsr{d0 new recruits) settled in bleached
anemones and the remaining ~77% settled in unldelaahemones (34 new recruits) (Table
4). The proportion of new recruits settling in ldkad anemones was not significantly
different between years (chi-square = 0.75, 1df,®19) and neither were each of these two
proportions (2008 and 2009) significantly differdrdm random expectations based on the
proportion of anemones that bleached in the pojpulg2008: chi-square= 0.245, 1 df, P =
0.31, 2009: chi-square = 1.99, 1 df, P = 0.08).

Parentage analysis revealed that 15 out of th@ed® recruits (~16%) that settled
within the survey period were born in 1 of the @siof this study in 2008, while only 4 out of
44 (~9%) were assigned to local parents in 2009s Tifference in proportions of self
recruitment between years was not significant écjuare = 0.643, 1df, P = 0.22). From the
15 new recruits assigned in 2008 (before the biegchvent), 8 individuals were born in
anemones from the ‘bleached’ group and 7 in thdeadhed group. After the bleaching event
(2009), all 4 new recruits assigned by parentagdyais were born in unbleached anemones.
The difference in proportions of those self re@wbrn in bleached anemones before and
after bleaching was not significant (chi-square.821 1 df, P = 0.09). In 2008, a third (5
individuals) settled in anemones from the ‘bleac¢lygdup, and in 2009, 1 new recruit of the
4 assigned settled in a bleached anemone.

The difference in proportions of these new recrgigtling in bleached anemones
before and after bleaching was not significant-guare = 0.0, 1 df , P = 1), and neither of
them (before and after) was significantly differénaim the proportion of bleached anemones
in the population as what would be expected by cédohi-square = 0.0, 1 df, P = 0.5 for
both years).

DiscussION

Our results show that habitat degradation appearavte detrimental effects on both
host anemones and anemonefishes, one of the noognizable symbiotic relationships on
coral reefs. Manifested by bleaching and a conamhitlecline in anemone size, habitat
degradation was associated with a reduction in grgduction ofA. polymnus but did not
appear to affect directly the densities of residésh. These short-term demographic
responses, if extended over a long period, coule e negative impact on population
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trajectories for this species, particularly if hibang progressed to significant rates of
anemone mortality.

Bleaching causes the anemones to lose their ajgalbisnts after which they may
shrink and eventually die due to the loss of notriderived from photosynthesis (Jones et al.
2008). However, there is little available infornoation the severity of bleaching and related
mortality in anemones. Among hard corals bleactsagerity and mortality can be highly
variable among individuals, species, depths andmghic locations (e.g. Marshall and Baird
2000, Loya et al. 2001, Donner et al. 2007), amdf#ictors responsible for this variation are
still poorly understood. In our study, approximgt& months after the beginning of the
bleaching event (April 2009), the proportion of dtbed anemones that had died was
relatively low (only 3 out of 55). By the end ofetlstudy, some of the remaining bleached
anemones started to show signs of pigmentatiorveggoOne year later (2010) the bleached
anemones again appeared fully pigmented. Even thaugrtality was low, bleached
anemones decreased in size by an average of ~Adémones can be remarkably plastic in
their appearance and the observed reduction inrsigbt be in part due to a lack of full
expansion as a defense reaction to harsh envirdameanditions. On the other hand,
bleached and recovering anemones presumably retadion fixed from sources other than
autotrophic symbionts, including stored energy me=e and heterotrophy, to meet their daily
metabolic energy requirements. Species of hardlsdhat can obtain most of their daily
carbon requirements by heterotrophy are less degmérmh energy reserves during bleaching
events, can recover their original mass faster, @mdmore resilient to bleaching events
compared to species that cannot efficiently repkaeg original autotrophic carbon source
via heterotrophy (Grottoli et al. 2006). For theddhed anemones in our study, the observed
reduction in size probably resulted from the corabon of lack of full expansion and the use
of energy reserves as a consequence of reducettoglic carbon that was presumably
obtained from the symbiotic algae before bleaclwogurred. Our observations suggest that
while this anemone population was tolerant to stesrh bleaching events, the reduced size of
the bleached anemones represented a significanteassc of shelter surface for the
anemonefish.

Anemonefish have a strong size hierarchy and rasdsoaated mortality (Buston
2003b). Experimental manipulations have shown plost-settlement mortality and eviction
rates are positively correlated with anemone sttura(Buston 2003a). | anticipated a
reduction in the number of low rank residents (adbits and juveniles) in bleached

anemones given that the degree of saturation afchtl anemones increased with their
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reduction in size and that fish might be more cansjps against a bleached background
leading to greater harassment from predators. Hewewo significant differences oA
polymnus densities (for all size categories) were foundMeen bleached and unbleached
anemones. More sub-adults were observed in 2009 ith&2008, but with no difference
between bleached and unbleached anemones. Ouittsresuggest that post-settlement
mortality was not severely affected by habitat degtion. A recent study showed that post-
settlement mortality rates éfomacentrus amboinensis juveniles settling in bleached corals
may be higher than of those settling in live cqMtCormick 2009). A. polymnus might be
more resistant to habitat degradation than at E@se other coral reef fish.

Females on bleached anemones showed a large mwducigg production compared
to those on unbleached anemones. | remain unsute ghechanisms leading to a reduction
in egg production on bleached anemones. Howeveseems likely that in this case the
observed decline in habitat quality as a functibbleaching and diminution of anemone size
reduced access to resources that led in turn exknd in female condition. Negative effects
on body condition and related changes in feedirgabier have been attributed to bleaching
only in corallivorous fishes (Pratchett et al. 20G4le et al. 2009). Other studies have shown
that changes in female condition affect egg quariitd quality (Donelson et al. 2008), and
therefore quantity and quality of larvae (Gagliassmad McCormick 2007, Donelson et al.
2008). Larval quality may also be strongly influedcby parental behavior during nest-
tending in anemonefishes (Green and McCormick 2G5t males may have a particularly
strong contribution (Green and McCormick 2005).halighA. polymnus does not feed on its
host anemones, bleaching and anemone size redun@ynstill be additional sources of
stress. Besides a reduction of shelter area figfnintie more conspicuous against a bleached
background leading to greater harassment from a&pecies. Thus harassment may, in turn,
affect body condition or/and behavior of residemtraonefish with negative consequences on
egg production and larval quality.

At the population level, egg production was lower2009 than in 2008, but this
reduction was more pronounced in bleached anemdmas in unbleached anemones.
Parentage analyses revealed that none of the Hylegawned recruits in 2009 came from
adult pairs breeding on bleached anemones desgi88o~of the total egg production
occurring on these anemones. Unfortunately it fiicdit to draw any conclusions based on
such a low number of new recruits and low statstmower (with 38% of egg production
occurring in bleached anemones, the probability th@ne of the 4 recruits came from

bleached anemones just by chance is (1-0:38)14). However, the tendency of these data
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differs with those from 2008 where half of the neecruits that were locally spawned
originated from breeding pairs of the same groupr@mones that subsequently bleached the
following year. If habitat degradation occurs dam@e spatial scale and both egg quantity and
larval quality are affected, it is certainly podsitihat recruitment could be dramatically
lowered (as observed in this study, where totatuienent was 54% less in 2009 than in
2008) and this may in turn explain why there weseself recruits from bleached anemones in
2009. Again, given our data this remains only adtlgpsis but it clearly deserves to be tested
more rigorously.

Finally, our data suggest that polymnus larvae do not avoid bleached anemones
when they are ready to settle. These analysedftiledetect any difference between the
numbers of new recruits settling in bleached orleedthed anemones. In addition, the
proportions of new recruits that settled in bleacheemones did not differ significantly from
random expectations based on the proportion ofchkh anemones in the population. Reef
fish are clearly capable of responding to a widaeis of sensory cues such as chemical
signals from anemones (Elliott et al. 1995, Arvedluand Nielsen 1996, Arvedlund et al.
1999) and conspecifics (Sweatman 1988, Booth 19@2chini et al. 2005), vegetation
(Dixson et al. 2008) and sound (Simpson et al. 2@¥pson et al. 2008). Laboratory tests
have shown that anemonefish larvae placed in weteice chambers prefer water from
healthy anemones when the other option is waten fixdoleached anemone, but they prefer a
bleached anemone to a control using water withauareemone (DL Dixson, pers. comm.).
Although clearly capable of distinguishing betwd#aached and unbleached anemones in
controlled environments, the presence of conspeafiour might be a more dominant
settlement cue than anemone odour and may explain larvae do not avoid bleached
anemones in the field. In addition, the degreenainaone saturation may be a critical factor in
determining whether or not larvae can successfldiy a social group (Buston 2003a).
Alternatively, settlers may do best to remain ie tinst anemone they encounter (Elliott et al.
1995, Buston 2003a, Buston et al. 2007), evenid [tleached, than reject it and try to find a
healthy one.

Coral bleaching is only one of several consequent@schanging global climate on
coral reefs. Available evidence suggests that ajpstales of population connectivity may be
reduced in the future due to effects of climatengegaon adult reproduction, larval dispersal
and habitat fragmentation (Munday et al. 2009)adidition, climate change may reduce the
ability of local populations to sustain themselbsough self-recruitment (Jones et al.

2009b). However, we are still a long way from ursti@nding the significance of these effects
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for the sustainability of reef populations. Ourdstishows that there are negative short-term
effects of habitat degradation on the quantity gd eroduced by anemonefish, and possibly
the quality of larvae as well, which can by consame decrease the number of settling
larvae. However, our results show that densitied.qiolymnus, even of small juveniles do
not seem to be affected by habitat degradation.mAmefish appear more resilient to
bleaching than at least some other reef fish stuttiedate (e.g. Kokita and Nakazono 2001).
More importantly, because adult anemonefish appigréave a long life span (Buston and
Garcia 2007), partial bleaching episodes suchia®tie may have a relatively small effect on
the long term dynamics of this population. Stude#sthe longer-term implications are
warranted to better assess the resilience of th&lseo increasing climate induced habitat

degradation.
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4.2 PARENTAL ENVIRONMENT , REPRODUCTIVE SUCCESS AND LOCAL POPULATION

REPLENISHMENT

Publication: Saenz-Agudelo, B, G. P. Jones, S. R. Thorrold, and S. Planes.r8atters:
Bigger females produce more successful offspriag gmaller ones in a natural anemonefish
population.In preparation.

ABSTRACT

It has been hypothesized that parental quality glag a major role in explaining
variation of replenishment of marine populationswver, although small-scale experiments
have documented links between maternal qualitylanal size, or between juvenile quality
and subsequent survival, the link between mategunality and offspring success has not yet
been demonstrated. In the past, the difficultis®@ated with following single larvae through
the pelagic cycle to recruitment have precludedhsart analysis. Here | used field surveys
combined with DNA profiling of all members of a @ipopulation of the panda anemonefish
(Amphiprion polymnus) over two consecutive years to estimate reprodecsuccess of all
females that persisted from one year to the nextamined whether the number of eggs and
locally successful recruits produced per female associated to parental phenotype (female
or male size) and environmental characteristicptfdand fish colony size). Both the the
number of eggs produced and the number of juvetiias successfully settled within the
study boundaries were positively related to fensate, but not other measured parental traits
(fish density, male size or depth). Although mokthe recruitment in this species comes
from external sources, larger females in the Igmulation contribute more than twice as
much as smaller ones to local replenishment. Tliesengs suggest that protecting large
healthy females will be crucial to population repgdhment and argue for the implementation
of management strategies that will restore and eptotsize/age structure of marine

populations.
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INTRODUCTION

The question of what influences the replenishmehtn@rine populations is
fundamental to our understanding of their dynanfi@sherty and Williams 1988, Doherty
2002), fisheries management (Birkeland and Daytd005®2 and conservation (Jones et al.
2009b). Many marine species are relatively sedgraaradults, but have a life cycle that
includes a pelagic dispersive larval phase thatastnfrom a few days to several weeks (Sale
1980, Thresher et al. 1989, Leis et al. 2006). fitne, place, number and quality of larvae
that enter the water column are major factors #ffgadhe initial strength of the juvenile year-
class (Begg and Marteinsdottir 2000, Vallin andshingy 2000). Subsequent interactions with
the food resources and predators will affect teamvival, condition and growth rates during
the larval phase, and in turn, may determine thebmss and quality of juveniles recruiting
into adult habitat (Jones 1991, Mora and Sale 20BR)cidating the key factors in the
complex series of events affecting population neiglement is critical in order to understand
the dynamics of marine populations and how besinjdement effective management and
conservation strategies (Sale et al. 2005a, Moah @006, Jones et al. 2009b).

Parental effects potentially play an important rahe the early stages of larval
development and survival, and may also have carey-effects that influence performance
later in life (Green and McCormick 2005, Gaglianod avicCormick 2007, Green 2008).
Parental effects represent the effects of theantem between parental genotype, phenotype
and parental environment on offspring charactegsand performance (Beckerman et al.
2006). There are many lines of evidence to suggm®ntal genotypes and environment can
have a major influence on larval quality, whichtimn may influence survival (Green 2008).
One of the current hypotheses in the literaturgpamntal effects in marine organisms is that
because larger females produce more and bettatygegds, which results in more and larger
larvae with subsequent higher chances of survBeaitlkeley et al. 2004a), they make a greater
contribution to population replenishment than serafemales (Roberts and Polunin 1991,
Russ 2002, Berkeley et al. 2004a, Berkeley et @04B, Palumbi 2004a, Birkeland and
Dayton 2005, Green 2008). It is critical to tessthypothesis, given that fishing pressure
invariably results in a differential impact on largemales.

There are three transition stages through a geseddife-cycle of a fish (mother-egg,
egg-larvae, larvae-juvenile). For maternal effdothave an impact on juvenile recruitment,
they have to carry-over through all 3 stages. Bwedehat supports the theory of bigger/older
females have higher contributions to populatiorner@ghment comes from studies that have a
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focus on the different stage-transitions indepetigeAt the early stage, there is support for
bigger females producing bigger larvae with higpesbabilities of survival than smaller
larvae from smaller females (Berkeley et al. 200denturelli et al. 2010). There is also
evidence for a range of species that larger lameae lower pre and post-settlement mortality
(Bergenius et al. 2002, Vigliola and Meekan 200acpherson and Raventos 2005, Raventos
and Macpherson 2005, Meekan et al. 2006, Gagliaad 2007, Vigliola et al. 2007). Only
two studies have shown evidence of the positivatigeiship between variations in female
size and the number of recruits, both for commeértigh species in temperate waters
(Gadidae) (Vallin and Nissling 2000, Wright and BiB005). However, the relationship
between variation in individual parental qualitydathe relative contribution to the next
generation has never been established in the field.

The presence of a pelagic larval phase, couplet small size and often cryptic
appearance of the larvae, makes it difficult teselthe link between the quality of individual
parents and their reproductive success at recraoitntéowever, recent studies that have
applied parentage analysis to coral reef fish patpais have shown that offspring from local
parents can be identified (Jones et al 2005, Plahed 2009, Saenz Agudelo et al 2009).
Here a combination of genetic identification methogarentage analysis and field
observations on egg production were used to adbesselative contribution of different
females to local recruitment natural populatiortted anemone fisiAmphiprion polymnus in
Bootless Bay, Papua New Guinea. | followed the pggduction over 2 months and the
maturation, and survival of individual female figiver one year and documented their
progeny that successfully recruited back to theufain after a larval pelagic phase lasting
~12 days. This novel approach allowed us to veififthe number of successful recruits
settling within the study’s boundaries was assediavith particular parental phenotypes
(size) and environmental characteristics (depth fsid colony size). | evaluated if egg
production, often correlated to female size, wdscééd by environmental characteristics. Y
also investigated if differences in fecundity amdagales of different sizes could explain
most of the variation in recruitment success (nunabesuccessful juveniles recruiting within
the study area) among females of different sizegllly, | tested if female size was related to

the average larval dispersal distance.
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METHODS
Study population and observational methods

This study was conducted at Bootless Bay (09°314%,°17’E) near Port Moresby,
Papua New Guinea. It focused on 7 discrete aggosgabf the anemoneStichodactyla
hadonni and Heteractis crispa confined to discrete ~1ha patches of shallow samdl sea
grass (termedites from now on) (Figure 1). In January 2008 all anagscolonized bw.
polymnus (155) were individually tagged using small unddevabuoys and plastic tags
attached to metal pins that were buried in the sexdtlto each anemone. Anemone depth was
measured to the nearest 0.1m using an underwatgouter. All fish at each anemone were
counted, captured on SCUBA using hand nets, medsuréerwater to 1 mm using calipers
(total length: TL), fin clipped and then releasexthk on the same anemone. We collected all
juveniles that were too small to be fin clippedsfldhan 30mm). Resident anemonefish may
prevent recruitment of new individuals at high dees (Buston 2003b). Therefore removal
of the small individuals also homogenized condgidar recruitment among all anemones.
Samples were preserved in 95% ethanol and retuonde laboratory for subsequent genetic

analyses. The same procedure was repeated onkatggan February 2009.

Genetic data and parentage analysis

For all analyses, | defined 3 arbitrary size/mayurategories as follows: (1) Breeders:
the 2 largest individuals of anemones with at |IQastdividuals measuring at least 50mm TL
(Moyer and Steene 1979). (2) Non-breeders: indalglsmaller than the breeders that were
already present in the first survey. (3) Juveniédistemaining individuals that settled between
both surveys (see determinants of the number epaffg below for details).

A total of 942 individuals in 2008 and 927 indivals in 2009 were screened for 18
microsatellite DNA loci (Quenouille et al. 2004, IBade et al. 2009b) that satisfied Hardy-
Weinberg equilibrium and linkage disequilibrium @sgptions. | used the package Genalex v6
(Peakall and Smouse 2006) to compare each of tiednal genotypes from fish clipped in
2008 and those clipped in 2009, to identify allrpaif individuals between years that had the
same multilocus genotype. Given the number of Isample size and allele frequencies, the
probability that two individuals drawn at randonorfr a population will have the same
genotype at thel8 loci (probability of identity) svamall (3.26x19%, and even the more
conservative estimate of probability of identitytwween sibs proposed by Waits et al. (2001)
was small (6.19xI6). Therefore, if two finclips from different yeaf28008 and 2009) had the
same genotype, they were considered as been frensame individual. To account for
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possible genotyping errors, mismatches up to 2 lmtiveen genotypes were allowed in
pairwise genotype comparisons. Probability of idgrand probability of identity between
sibs were still small when removing the two locittwihe highest exclusion probabilities
(9.10x10" and 2.20x18 respectively) and pairs of individuals that fellthis category were
considered if other available data such as size,a1d anemone were they were captured
corresponded to expectations between years (sareecsiincrement, same anemone or

movement to an anemone from the same site).

Guinea

+ Papua New :
N

Port Moresby
(]

e

Figure 1 Map of the study area showing 9 sites of anem@ugeegations hostingmphiprion polymns. Dotted
lines correspond to the limit of shallow reefs. i8dlircles correspond to the 7 sites where compdeteeys
were carried out in both years. Open circles cpord to 2 sites that were partially sampled andwich
females were not included in the analyses. Arraapsesent individual trajectories of fish larvaeduroed by 4
different females (each colour represents one feyrihht were chosen to illustrate how differentegjoiles from
the same mother recruited both within and outdigér thatal site (only a few trajectories were @dtbecause
the full set would have saturated the image makingreadable). Site abbreviations are as followanubada
Island (BE), Lion Island (LI), Taurama (TA), Motupgonorth patch reef (MN), Motupore Island (MO), tata
Island (LO), Loloata South Bank (BA), Fishermeratsl (FI), South East Bank (SE). Inset: LocatioBobtless
Bay in Papua New Guinea. Imagemphiprion polymnus colony in aStichodactyla hadonni anemone, courtesy
of S. Planes.

| used the FAMOZ platform (Gerber et al. 2003) ®&sign juveniles that settled
between April 2008 and April 2009 to sampled patdritreeders among the 7 sites (this
included all potential parents sampled in 2008 @lsnew parents sampled in 2009 that
replaced fish that died between both surveys). iBet parentage analysis procedure can be

found in Saenz-Agudelo et al.(2009). | used anothiced error rate (to account for
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genotyping errors) of 0.0001 to simulate the dsttion of LOD scores for true and false
parents. Based on these simulations, LOD scorestibté values to accept parents as been
true were set to 4.5 (individual parent) and to(ddrent couples). Under these conditions 30
assignment tests were ran using simulated datastimae type | error (probability of
excluding true parent while this individual was amgahe candidate parents) and Il error
(probability of assigning a wrong parent when the tparent was not sampled), which were
acceptably low (~1 and 5% respectively). Becauseptiesence of full/half-sibs is a potential
source of type Il error, as a conservative measuremoved manually all single-parent
assignments with 2 mismatches between parentgioits genotypes from the resulting
parent-offspring assignments on the real dataafegr(testing for genotyping errors in the

original dataset).

Determinants of egg production

In 2008, after the general fish census and tisaogbng, each anemone was surveyed
twice a week over two months (February-April) tearl the presence of egg clutches and
new recruits. To estimate egg production for eaeteding pair, a 49 ch(7 X7 cm) ceramic
tile was placed next to each anemone 2 weeks béf@ebeginning of each survey to
standardize access to spawning surfaces among aesmbwnvo weeks was enough time for
almost all reproductively active females to staing the tiles to lay eggs. Egg clutches were
then photographed using an underwater digital caraed clutch area (Gnwas estimated
using ImageJ software (Abramoff et al. 2004). Theam density of eggs per clutch was
estimated from counts along two transects acrosscthtch (transects were 5mm wide,
perpendicular to one another and their length wpsleto the diameter of each clutch). In
total, 79 breeding pairs had complete observatfalislutches laid in 8 weeks were on tiles
and photographed) and were used for analysis. IClatea and egg density were used to
estimate the number of eggs produced per clutalsetl the sum of the number of eggs
produced by each female during the 8 weeks of sumgea measure of individual fecundity.
Time from laying of eggs to hatching of larvae this species is ~ 5-6 days in captivity
(Rattanayuvakorn et al. 2005). | was able to phmaiply 95 clutches (40.2%) from 58
breeding pairs in two occasions (with an inteneteen both photos was 3 or 4 days). Egg
loss was estimated as the difference in numberggtk dor each clutch between the two
observations (number of eggs that disappearedday8). | evaluated if egg production, egg

density (as a proxy for egg size) and egg losse@bif egg production differ from the actual
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number of released larvae in a predictable way)ewassociated with particular parental
phenotypes (size) and environmental characteri@legth and fish colony size).

Determinants of the number of offspring produced inone year

Breeding inA. polymnus in this location is likely to occur all year arajnas is the
case for other anemonefish species in tropical iwatePapua New Guinea (Buston 2004a).
To study the relationships between the number ofessful offspring produced in one year
and parental characteristics (phenotype and enwieot), the main challenge was in
identifying all females that reproduced and surdif@ the period from 2008 to 2009, and the
juveniles that they produced and successfully extith that time. In both cases multilocus
genotype comparisons were used as described psiyiou

In 2008 | identified 97 anemones that hosted aitlagpair ofA. polymnus and where
both fish were large enough to be considered palesttive breeders. The minimal size of
potential active breeders was chosen to be theo§itee smallest female and male couple that
was observed laying at least one egg clutch oweetttire study period (68mm and 63 mm
respectively). A total of 58 females observed i®&@hat had this characteristics were still
alive in 2009 and therefore were usegasteriori analyses. Among these females, 35 had the
same mate in both surveys and the remaining 23hhddtheir original mate replaced by a
large non-breeder from the same anemone or an areenearby. Although male replacement
could be a source of variation of the number ofejles produced, | did not take it in to
account for two reasons: Firstly, the effect of &ensize from male replacement could not be
separated because females that did not lose thee mate were significantly larger than
females that did so (mean + SE: female nblepiacemen= 110.1 £ 1.7 mm; Female Thake
replaced=103.7 £ 2.7 mm. One-way ANOVA, P = 0.002). Sedpnitl has been suggested that
in anemonefish where large non-breeders move bataeemones (which was the case here),
the time for male replacement tends towards zeust 2003a). Therefore, it is likely that
male replacement has negligible impact on the nundbearvae produced in one year,
assuming that only one male replacement occurretepale.

Our procedure to identify juveniles that settledwsen both surveys was similar as
for identifying surviving females previously ded®d. Juveniles that settled between years
corresponded to those juveniles sampled in 2009s&/moultilocus genotype did not match
any of the genotypes from the 2008 database.

Parentage analysis (described previously) was tsdadentify all of the juveniles

produced between both surveys by each of the 58léanmentioned previously
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Data analysis

All statistical analyses were performed using Rsiar 2.10.0 (R Development Core
Team 2007). | constructed three independent Liveadels (LM) to evaluate the relationship
between parental and environmental characteriaticseach of the three egg variables (egg
production, mean egg density and egg loss) resdgtiFecundity and egg loss values were
square-root transformed to fit normality assumggioBach full model included (1) female
TL, (2) difference in size between female and nfaley), (3) anemone’s depth and (4) non-
breeders’ total length (NBTL) as a measure of éistony density. | usedr.y as a function of
male’s size because male size is strongly corikl&defemale size (R?= 0.77, P<0.001).
Model simplification was from the full model usiagalysis of deviance procedure (Crawley
2007).

General linear models were used to test for cdrosls between the number of
successful recruits produced per female and pdreatiables. The number of offspring was
not normally distributed and could not be transfednhence a GLM with quasi Poisson
errors (to account for over-dispersion) was usedl. fRodel included the same explanatory
variables as for egg production. Model simplifioatiwas performed using Analysis of
Deviance procedure as well.

| evaluated if female size was related to larvapdrsal distance using a Mixed Effects
Linear Model. This approach enabled us to accoanttie lack of independence between
observations from the same female (many femaledugexd more than one offspring) by
including female’s identification number as a ramdeffect. For each juvenile (assigned by
parentage analysis) the shortest over-water disthebnveen the parental site (hatching site)
and the site where the juvenile was sampled (rewant site) was estimated. Dispersal
distance was used as categorical response vat@hlecount for the presence of many zeros
(self recruits) in the data set. Dispersal categowere: < 1km (self recruitment), < 5km and
> 5km. In addition, to increase our sample sizsjdas the juveniles produced by 58 females
that survived from 2008 to 2009, | included in thisalysis all females (and their respective
offspring) that acquired this position after thé@2G&urvey.

Finally, 1 explored if differences in fecundity amgp female of different sizes was
enough to explain differences in reproductive sas¢aumber of juveniles) among females of
different sizes. To do this, females present irhlmirveys (58 in total) were separated into
arbitrary size classes of 5mm intervals. Then, Itwated the relative contribution to egg
production of each size category (proportion ofseggpduced by all the females in one size

category divided by the sum of eggs and juvenilesdgced by all the 58 females
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respectively) and based on these proportions amdtdtal number of observed recruits
produced by all these females, | estimated the eurmboffspring produced by each category
expected assuming that only egg quantity was resplenfor the number of successful

juveniles. Using a chi-square test | compared thgeeted and observed distributions of
successful offspring produced by each size claséssidnificant differences among

distributions were found, then the positive relasloip between size and egg production
would be insufficient to explain the observed pusitrelationship between female size and
the number of successful recruits. To follow chitwe test expectations, all females smaller
than 95mm and all females larger than 111mm whevapgd respectively in one category,

so expected counts within these two classes wére >

RESULTS

Determinants of egg production

The linear model on the correlates of fecundityucedl to significant effect of female
size only (Analysis of deviance: Female Hy, 7= 22.29, P= <0.001). The number of eggs
produced over 2 months increased with female Tlguf 2). None of the explanatory
variables measured (female TL, male TL, depth amdbreeders total length) had an effect
on either egg density or egg loss. Both linear nwodere reduced to the null model without

significant changes in the analysis of deviancél@a).
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Figure 2 Female size versus fecundity (Sum of the numbeegyfs laid in 2 months) measured in 2008.
Resulting regression line from the reduced Linead® is shown (sgrt(y) = 1.25x — 66.81. R2= 0.240R01, n
=79). Note that the smallest female that was ofesklaying eggs was 68mm (TL) but was part of femalith
incomplete observations. Only values for females wbomplete observations were plotted.
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Table 1 Determinants of fecundity iA. polymnus. Results of stepwise model reduction using thdyaisof
variance procedure. Explanatory variables (rows)ewemoved one at a time, starting from the botadrthe
table to the top if P > 0.05.

Number of eggs  Egg density (eggs®m N eggs lost

Effect F(1'77 df) P-value F (1,77 df) P-value F(1’52 df) P-value
Female TL 21.72 <0.001 3.02 0.089 1.08 0.303
Depth 0.12 0.728 0.25 0.613 3.73 0.058
NBTL 1.01 0.316 0.18 0.670 1.03 0.314
AemTL 0.14 0.700 0.06 0.802 0.28 0.596

Number and location of juvenile offspring from natd population

Based on individual genotype comparisons 554 jugsrhat settled among the 7 sites
within the metapopulation between April 2008 andriARO09 were identified. From these
(554), 83 were assigned to 58 females older thgeat and 14 were assigned to individuals
that became females in the interval between bathegs (younger than one year). Successful
juveniles assigned to local females that settlddiwithe study boundaries settled both within
and outside their natal site (some examples ararsho figure 1). Overall, from the 97
locally spawned juveniles ~53% settled within treie of origin, ~26% settled in a different
site less than 5 Km away from their site of origind the remaining 21 settled in sites
between 5 and 25 Km away from their natal sitegrtbht maximal distance between two
most distant sites was 28 Km).

There was no significant difference in size betwgesups of females that produced
self recruits, larvae that dispersed less than &kh larvae that dispersed more than 5 Km.
(mixed effects linear model: larval dispersal grobgs= 0.0409, P = 0.667). Fecundity was
neither directly related to the mean dispersaladist of all larvae produced by each female.
(LM, R2 =-0.031, P=0.906, n=33).

Determinants of number of juvenile offspring produed per female

The General Linear Model on the number of offsppngduced per female reduced to
a significant effect of female size only. Similasults were obtained for both initial (2008)
and final (2009) female total length (TL) (2008ke(male Tlkgos. Analysis of deviance:
Female TL, I 5= 6.93, P= 0.0109. The dispersion parameter wasteo be 1.429; Female
TL2oos. Analysis of deviance: Female TL; ks = 6.58, P= 0.013. The dispersion parameter
was taken to be 1.408). Increasing female TL irewdahe number of successful juveniles

that recruited into the population (Figure 3).
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Figure 3 Initial female sizes (2008) versus the numbemggiles that successfully recruited in the popoitat
produced between April 2008 and April 2009. Rengltiegression line from the reduced General Lihéadel
is shown (log(y) = 0.04x — 4.10. n= 58).

There was no significant difference between thé&ibdigtion of the relative contribution
to total fecundity and the distribution of the tela contribution to local replenishment
(number of juveniles) among different female silBsses (Chi-square = 2.77, 4 df, p = 0.593)
(Figure 4). Hence, the great contribution of largemales to local recruitment can be

explained by their greater fecundity.
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Figure 4 Relative contribution of different size classes$dtal egg production (white bars) and local
replenishment (number of juveniles) (grey bars).
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DISCUSSION

Our field application of parentage analysis shows the first time that individual
variation in reproductive success (measured asatheal number of juveniles successfully
recruited to the population) can be measured imtaral population of a marine organism
with a dispersive larval stage. In doing so, léedghe common assumption that larger females
have a higher reproductive success than small gsnalconfirm, at least at the scale of a
small metapopulation, that number of successfulurecproduced by individual females is
directly related to their size, with larger femadounting for over 3 times the contribution
of small females to the recruitment explained bg ltbcal population. The magnitude of the
difference appears to be largely explained by ftifferdnce in egg production, rather than
other aspects of egg quality or the local enviromime

The assumption that bigger/older females should emakgreater contribution to
population replenishment than small females is yddegely taken for granted (Berkeley et
al. 2004b, Kritzer and Sale 2004, Palumbi 2004aekol 2008). This idea is supported by
both the common positive relationship between fdiayrand female size, and by laboratory
experiments that have shown that larval growth surgtival can be related to female size or
condition (Berkeley et al. 2004a, McCormick 2008gre | did not find evidence supporting
the idea of a significant effect of maternal sizelarval fitness, or a synergistic interaction
between fecundity and larval fitness. In fact, thigerences in the proportion of successful
juveniles among female size classes were surphsimgll correlated with the proportion of
eggs produced by the corresponding female size.d2sspite the fact that female size only
explained a low fraction of variation in egg protioc, the generally higher egg production
by large females best explains their higher reabmféspring recruitment. That is, the more
eggs produced, the greater the chances of somessifigity surviving to recruitment.

These analyses failed to associate most of thatiar in egg production and number
of successful juveniles per female that was notlaemed by female size. Fecundity can
present high phenotypic plasticity in anemonefi€neen and McCormick 2005) and is in
conformity with high levels of unexplained variati@bserved in this study. In addition, a
lack of association between fecundity and fish dgns consistent with other studies in other
species (Buston 2004a, McCormick 2006). Howeveah fiensity and other factors such as
body condition or stress may affect larval qua{itjcCormick 2006, Donelson et al. 2008).
The fact that the analyses failed to associate mibgte variation of number of successful

juveniles to other factors different from femaleesdoes not rule out the possibility that larval
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quality is also important. This lack of associatmmly suggests that maternal size effects on
larval quality might be cancelled by other factetgh as stress. As a result, larval quality
associated with female size might be less impottaart fecundity in terms of contribution to
local replenishment. However, the high number ofamtrolled and unmeasured possible
sources of variation is one of the main drawbackstodies in the wild, as opposed to
laboratory studies where one or few parameters lmantightly controlled. Laboratory
situations might in turn remove important sourcéselection that can be important in the
natural environment. Combining both laboratory fialfl studies is necessary to quantify the
relative importance of larval quality and fecundibymarine population replenishment.

The fact that female size is positively linked wille number of successful recruits in
this small reef fish has important implications terms of conservation and management
strategies. First, the effects of female age/sizemarine population’s dynamics does not
seem to be limited to large and long lived expbbispecies only. Large females of this small
coral reef fish species with high population turaovates can contribute more than twice as
much to local replenishment than smaller femalesould be expected that in long lived
species, this effect would be more pronounced agebi females would have higher
contributions for longer periods of time. Seconlis tmetapopulation is characterised by
rather low self recruitment (see chapter 3), arehawnder these conditions a significant effect
of female size in the contribution to local repmment can be detected. Besides, there does
not seem to be a significant effect of female svitd dispersal distance. As a result, there is
no reason to think why the female effect on loeplenishment would not also be maintained
in terms of export outside the metapopulation. Hmvethe degree to which these results can
be extrapolated to other scales, species and pltaqgases further investigation. The fact that
maternal size effects can be maintained throughhiee stages of the life-cycle of at least
one marine fish warrants further testing of thismdmenon. If it does turn out to be of
general importance, there will be strong support fanagement strategies that not only
regulate total mortality, but also for no-take ress that can help restore age/size structure
(Kritzer and Sale 2004, Palumbi 2004a, Sale €tG5a, Venturelli et al. 2009).

In conclusion, our study shows that assessing #productive success or fithess of
individuals in wild marine fish populations is nonger an intractable problem. It can be
achieved by combining parentage assignments angttéym monitoring of reproductive

status and turnover in the adult population. Algjowapplied here to a clownfish with a
relatively short pelagic larval duration, recentadauggests that species with longer larval

durations may also exhibit significant levels ofdbretention (Almany et al. 2007, Jones et
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al. 2009b). The combination of these methods i®iméng a powerful approach to addressing
guestions once thought impossible to answer, ssaheasuring the adaptive significance of
different life history and mating strategies (Rgdez-Munoz et al. 2010, Serbezov et al.
2010). While we still far from fully understand tlwemplexity that drives the variation in

marine population replenishment, maternal sizelearty an important piece of the puzzle.
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CHAPTER 5

POPULATION SELF -PERSISTANCE: A MATTER OF SPATIAL SCALE

This last data chapter intends to do a compilabbmost of the data obtained in
previous chapters articulated as a simple demograpbdel. The idea behind this was to try
to answer, in a deterministic way, a simple but ongnt question: Is the amount of self
recruitment observed either within local populasiar at the metapopulation level enough to
assure self persistence? If this is not the cds®) twhat is the spatial scale at which the
necessary conditions for demographic stabilityrast? It is worth mentioning here that it is
beyond the scope of this chapter to forecast thaduof this metapopulation. The aim was
rather to link two “snapshots” of the movie to ketunderstand the action taking place

between them.
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Publication: Saenz-Agudelo, B G. P. Jones, S. R. Thorrold, and S. Planes. detnaf
population persistence in a coastal coral reef pogtalation: importance of spatial scale and

connectivity.In preparation.

ABSTRACT

An important goal in population biology is to idéntthe conditions under which
populations can persist. Marine populations atenodivided into numerous groups of
spatially discrete sub-populations that are coretebly different levels of dispersal, making
their dynamics complex. Models of the behaviouswth populations often lack empirical
estimates of critical population parameters sucthasmagnitude and direction of dispersal,
which limits confidence in their predictions. Hdreleveloped and tested a simple matrix-
based model of a coastal clownfish metapopulatioddapua New Guinea using novel genetic
approaches to estimate population parameters. A Dhferprinting approach was used to
identify and monitor individuals over two consewgstiyears to measure survival and size
transition rates of resident fish. This informatiovas coupled with estimates of self
recruitment and connectivity among subpopulatiom®pmuted from parentage analysis of all
juveniles recruiting over the 2-year period. Thedelowas used to explore conditions of
demographic stability by calculating population wtio rates at 2 spatial scales: for each
subpopulation separately and for the combined rogtaption. Given the observed self
recruitment levels and survival rates, the moddicated that all individual subpopulations
would have negative growth rates if they reliedyooh self recruitment over multiple
generations. Positive population growth was onligie@ced by including larval input from
outside the boundary of the studied metapopulatimreasing survival rates of resident fish
diminished the geographic scale at which populapersistence was achieved. The model
highlights the demographic significance of connattiin this system and suggests that small
marine protected areas will not contribute to papah persistence, unless they are a part of a

larger network of reserves.
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INTRODUCTION

Most species are distributed across space in discmus populations that are
associated with discrete patches of suitable habidh varying levels of exchange of
individuals among them. Understanding the cond#tioequired for persistence of single
populations and groups of populations (metapopna)i is one of the main issues of
population biology (Crouse et al. 1987, Hanski 1994swell 2001, Hastings and Botsford
2006, Botsford et al. 2009, White et al. 2010b)rtiPalar attention has been focused in
understanding the role of connectivity, the leviekrchange among discrete populations, as
this is predicted to be a major driver of the dyr@nof natural populations and a key factor
in population stability and resilience (With et 497, Kritzer and Sale 2004, Figueira and
Crowder 2006, Lipcius et al. 2008). Early metapapah models addressed population
persistence by describing how the fraction of ocadifnabitat patches depends on patch area
and isolation (Hanski 1994). This approach assutinas metapopulations are composed of
many discrete patches and that local colonisatimh extinction events are common and
detectable over short periods of time. Under thenario, the probability of the colonisation
of an empty patch can be affected by many factwas dre difficult to model and simplified
connectivity measures based on patch size and gpacie used to simulate population
dynamics (Moilanen and Nieminen 2002). However, ohthe limitations of this approach is
that colonisation/extinction dynamics may be rarengght not occur at a temporal scale that
can be easily measured.

A second approach to determine population persistervolves estimating the growth
rate of a population based on demographic parameigch as survival probabilities and
fecundity of individuals that are grouped in agesae categories (Caswell 2001). In the
simplest form, these population matrix models aaseldl on a single closed population and
demographic equilibrium (persistence) is reachedmthe number of produced offspring that
are born is sufficient to offset the number of deaf\White et al. 2010b). This approach can
be also used to describe metapopulation systemsevaxehange among populations exists
and can be estimated. In this case, individualsgemaped in sub- or local populations and
persistence in the metapopulation can occur asdsragf least one of the local populations is
self persistent (Armsworth 2002), or if in the atxs® of a single self persistent population,
the total amount of replacement through all possédchange paths is greater than a certain
threshold (Hastings and Botsford 2006). A reliapibf matrix population models depends
upon the quality of field data on population partene and establishing the links between
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life history and population characteristics (Wisdemal. 2000). However, the need to link
field data and matrix models also restricts thppleation, as obtaining accurate estimates of
the vital demographic rates required for the carnmeterpretation of model output (Caswell
2001), can be challenging (especially for organigntls complex life cycles).

Most marine species fall in the “challenging” caiggfor modelling because they
have complex life cycles that include a dispergietagic larval phase. In addition, a variety
of human impacts over the last century, includiitpate change, habitat deterioration and
overfishing have drastically declined many popolasi and fisheries around the planet
(Jackson et al. 2001, Hughes et al. 2003, Hoeghiieny et al. 2007, Mora et al. 2009,
Worm et al. 2009). To combat these threats, no-takeine protected areas (MPAS) have
been widely advocated and implemented as a toptdtect marine biodiversity and restore
overfished populations (Roberts 1997). The cor¢hid protection strategy is based on the
principle of population self-persistence (Botsfadal. 2009, White et al. 2010b). Marine
reserves are assumed to work not only by maintgisirfficient local retention of larvae to
assure the maintenance of protected populatiofsnihdividual MPAs, but also by having
sufficient connectivity among locations within anPM network to rescue populations that
suffer a local disturbance (Palumbi 2004b, Salal.e2005a, Mora et al. 2006, Almany et al.
2009). Population modeling has revealed how importiae width of dispersal kernel can be
to population dynamics and how size and spacingratected areas can affect persistence of
exploited populations (Botsford et al. 2001, Lockdoet al. 2002, Hastings and Botsford
2003, Hastings and Botsford 2006, Kaplan et al.62@btsford et al. 2009, Kaplan et al.
2009, White et al. 2010b). However, the lack of &gl data on connectivity has
constrained population modelling to a theoreticeanfework and has hindered their
application to specific species and locations.

Empirical data on marine population connectivityrapidly emerging as a result of
new techniques such as chemical analysis of cadcHtructures, chemical tagging of otoliths
and genetic parentage analysis (reviewed in Janak 2009b). These empirical approaches
have altered our perceptions of the scale of theauhycs of marine populations, with more
local self recruitment than previously thought. Hwer, while they have provided valuable
information about the degree of isolation of a mampopulation (Jones et al. 1999, Swearer et
al. 1999, Jones et al. 2005, Patterson and Sweafar, Planes et al. 2009, Saenz-Agudelo et
al. 2009, Christie et al. 2010), this informatidaree does not answer the question of whether
a population relies on natal larval recruitment fersistence (Botsford et al. 2009, reviewed

in Jones et al. 2009b). Inferences about populgi@msistence in these systems can only be
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made if these empirical values of self-recruitmamd connectivity can be integrated in time
with the other vital demographic parameters forgbpulation of interest.

Over the last few decades, a variety of extraorgingenetic tools have been
developed that are now being widely applied inedéht fields of ecology (Jones and Ardren
2003). One of the main advantages of genetic dathait, since DNA samples can be now
obtained from small portions of tissue without deéntal effects on individuals, the same
genetic information used to reconstruct parentpoiifgy relationships and estimate self
recruitment or connectivity (Jones et al. 2005nBsaet al. 2009, Saenz-Agudelo et al. 2009),
can also be used as individual natural tags andgeanark-recapture information (Pa@b
1999, Waits et al. 2001, Morrissey and Ferguson9P0That is, DNA-based individual
recognition can be used to estimate demographianpeters such as mortality and stage
transition rates.

Over the last two years | have gathered genetia dathe anemonefisAmphiprion
polymnus in a metapopulation system consisting of discgetegraphic populations located in
Bootless Bay, Papua New Guinea. Population sunang genotyping (by fin clipping
individuals and realising them back) of all indiwals within ~ 12 km of coastline has been
performed to estimate larval retention and exchageng these populations via parentage
analysis (Saenz-Agudelo et al. in preparation).eHéused individual multilocus genotype
comparisons between two genetic data sets of ttie enetapopulation (one from each year
of survey) to follow the fate of all fish fin cliggl in the first year that survived to the next
one. In this way survival rates for different sstages were calculated. | coupled these values
with connectivity estimates and integrated thiinfation in a simple metapopulation stage-
based matrix model (Caswell 2001) to estimate pdmr growth rates at different spatial
scales. Given the observed larval dispersal pattdra following questions were evaluated:
(1) Can any of the subpopulations persist with igmnly from local self-recruitment? (2) If
none of the populations are self-persistent, casigience of the known metapopulation be
achieved on the basis of connectivity among locabutations? (3) Or does the

metapopulation rely on external larval supply fergistence.

METHODS

Study species, location and demographic parametesgmation
The panda clownfishAfmphiprion polymnus) is a Southeast Asian endemic fish that

lives in close association with discrete aggregatioof two species of anemones
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(Stichodactyla hadonni andHeteractis crispa) that are restricted to sandy habitats associated
with coral reefs (Fautin and Allen 1992). Each aoeenis usually occupied by one breeding
pair and up to eight smaller non-breeders and jieenThe female (the largest individual)
lays demersal eggs on the upper surface of sheltke@d coral next to the anemone. The
embryos develop over a period of 6-7days beforehivag (Fautin and Allen 1992) and post-
larvae settle into anemones after a pelagic lapbase lasting 9-12 days (Thresher et al.
1989). Amphiprion polymnus is a protandrous hermaphrodite (Moyer and NakazZ9u«8).
As in all other anemonefishes, when the female gfaup dies, the male changes sex and
assumes the position vacated by the female, antatbest non breeder from the anemone
inherits the position vacated by the sex-changimdeniBuston 2004b). These characteristics
make these fish excellent candidates to use irestrgctured population models.

| used genetic data collected over 2 consecutivarsygd2008 and 2009) in a
metapopulation system consisting of 7 spatiallgmdie populations in Bootless Bay, Papua

New Guinea (Figure 1).

Papua New S ~ ~amiad™

7 Port Moresby N 1 Guinea =

Figure 1 Map showing sites of the 7 anemone aggregatioesrgoAmphiprion polymns in Bootless Bay area
(black filled circles) from which demographic pamters were estimated for the model. Inset: Locatbn
Bootless Bay in Papua New Guinea. Site abbrevigtaoe as follows: Manubada Island (BE), Lion Isllk),
Taurama (TA), Motupore north patch reef (MN), Matop Island (MO), Loloata Island (LO), Loloata South
Bank (BA).

Each year, all fish from each anemone were captureshsured to the nearest mm
(using callipers) and a small tail clip was taked atored in 95% ethanol for genetic analysis.
A total of 18 microsatellite markers were screeasddescribed in (Quenouille et al. 2004,
Beldade et al. 2009b). The package Genalex v6 @Hleakd Smouse 2006) was used to
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compare each of the individual genotypes from filpped in 2008 and those clipped in
2009. In this way were able to identify all paifs samples that had the same multilocus
genotype. Given the number of loci, sample size @tele frequencies, the probability that
two individuals drawn at random from a populatioii Wwave the same genotype at multiple
loci (probability of identity) was really small @6x10%), and even the more conservative
estimate of probability of identity between sib®gposed by Waits et al. (2001) was small
(6.19x107). Therefore, | assumed that two samples from wiffeyears (2008 and 2009) with
the same genotype corresponded to the same indlMiduclipped in both years. To account
for possible genotyping errors, mismatches in up limci between genotypes were considered
in pairwise genotype comparisons. With 16 loci, pnebability of identity and probability of
identity between sibs remained still small (9.10%18nd 2.20x108 respectively) and pairs of
individuals that fell in this category were conselk if after rescoring their genotypes these
differences were rectified.

Each individual fish within a group (anemone) waassified in one of three size
classes: The biggest fish in was identified asfémeale, the second largest individual was
recognised as the male, and all remaining indivglugere classified as juveniles. A life table
was constructed where individuals clipped in 2008t twere not recaptured in 2009 were
assumed to have died. Individuals that survivedevtben classified according to whether
they had remained in the same size class or thedgittavn in to the next one. With this data |
calculated survival and transition rates for eade €£ategory. Finally, | used the data of
connectivity and self-recruitment estimated usiageptage analysis (Saenz-Agudelo enal
preparation, see chapter 3) to calculate fecundity (number viala produced per female that
settled in one of the seven populations and suavieebe counted as a juvenile in one year
interval). Self-recruitment is defined as the numtifguveniles recruiting to a population that

are offspring of parents within the defined popolat

Model description

The dynamics of the metapopulation were modelledsigg a stage-classified matrix
metapopulation model similar to Caswell (2001). Bonplicity, |1 chose a stage classified
model where the life cycle was divided into thréggss: Juveniles (stage 1), males (stage 2)
and females (stage 3). The projection intervalwfraodel was one year because this was the
interval between field observations. The numbestafjes could have been larger to better
describe the structure of the groups in this sge¢mmposed of up to 8 individuals).

However, the number of stages were limited by iitne tstep (interval between observations),
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because more stages implied violating the assummtfamatrix models of stepwise single
stage transitions per time step.

The modelled system was composed of seven popusatidgth local dynamics and
larval exchange among them and an additional conhdgaval input to each population
accounting for an external unknown source. The alvelynamics of the metapopulation
system with external input is described by

Ny =Ang+m  (eq.1)

Wheren, is a vector composed of subvectogg giving the number of individuals at
each stage within each populatirrat time (t) (in this case 3 stages and 7 populafi@i
lines).A is the population projection matrix describing thetapopulation dynamics:

A Mz2_.1 Ms_.1 Ma_1 Ms_.1 Me-.1 M7_1
Mi. 2 Az Ms_.2 Ma_.2 Ms_.2 Me.2 M7.2
Mi.3 Mz2.s As Ms_.3s Ms_.3 Ms-.3 M7_.3
A={Mi_.4 M2_.24 Ms._a4 As Ms_.a4 Me.24 Mr7_.a4
Mi.s5 Mz2.5 Ms.s Ma._s As Ms_.s M7_.5

Mi_-6 M2-6 M3z_-6 Ma_-s Ms_s As M7 _6
Mi_-7 M2-7 Mz-7 Ma-7 Ms_.7 Me_-7 A7

Within this matrix seven sub matricés in the diagonatescribe the transitions and
reproduction of individuals that stay within poptiiga x (local dynamics) and the remaining
sub matricedM;_,; describe the movement of juveniles from one poprag) to a different
one (i).

Each transition matridy takes the form:

Pa 0 Fxs
AX=|1Gua Px O
0 Gx Pxs

Where individuals in populatior in stagei surviving one year can either remain in
the same stage with a probabilRy or they can advance to the stagé with a probability of
Gyi. Fertility Fy3 in this matrix is represented by self recruitmamd defined as the number of
larvae produced per female in populatiothat successfully recruited to the same population
of origin and survive to be counted in stage 1 {Ondividuals in stage 3 produce larvae).
Among the severA, matrices of the model, only fecundity values diffegtween them.
Transition G) and survival P) probabilities were assumed to be equal among lpbpns.
Each sub matrix describing the movement of juverietween populations takes the form
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0 0 Fxy
Mx-y 0 O O
0 0 O

WhereF,y is defined as the number of larvae produced pealem populatiorx that
successfully settled in populatignand it was calculated from values of connectivitythe
empirical data. Finally, the last term in equatiofm) is a vector describing a constant input
of immigrant juveniles to each population comingnfran unknown source. Numeric values
for this vector were estimated from empirical datad corresponded to the number of
juveniles fin clipped in 2009 that did not had atchang genotype in 2008 and were not
assigned by parentage analysis.

The population dynamic state (increase, decreasstaiie) was evaluated in three
different spatial scenarios: 1) for each individleadal population with only self recruitment
as larval input; (2) for the metapopulation comipgsall local populations with self
recruitment and larval exchange among them but xtermal larval supply; 3) same
metapopulation but with an external constant lamput which corresponded to the number
of juveniles that settled at each site between botkieys that were not assigned to any of the
sampled parents by parentage analysis.

In the first scenario each individual populatiomjpction takes the formyg.1) = Ax
Nyy. Post multiplying matrixAx by the population vecton, is used to forecast future
population states. The dominant eigenvalugof the matrix Ax describes the long term
behaviour of the populatiox assuming a constant environment. The dominanteaee of
each stage-class matri, is equal to€’, wherer is the intrinsic rate of change of the
population in the equation

Ne=No €' (eq. 2)

Thus wheri; = 1,€ = 1 and the intrinsic rate of change of the poarter = 0 and the
population is stable (Crouse et al. 1987).141 then the population is in exponential growth,
and ifA;x< 1 the population is in exponential decay.

In a similar way the metapopulation projection (getspatial scenario) takes the form
N1 = A N and the dominant eigenvalue describes the long term behaviour of the
metapopulation. In both scenarios (1 and 2) thelydoal calculation of the dominant
eigenvalue allowed to evaluate if the observedalamput at each spatial level was enough

for the population (or metapopulation) persistefige 1).
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Because the third scenario does not have an aralglution fork; (because of the
migration term), | used a simple routine in R (RvBlepment Core Team 2007) to estimate
the population vectong:1y from equation (1) over 40 consecutive years. Isabered this
period long enough to obtain an approximation & #table population projection. From
equation (2) by plotting the natural logarithm afctor ng.1) over time, one can obtain a
graphic estimation of. The same R routine was used for scenarios 1 @ndoBtain graphs
for comparison purposes.

It should be noted that the model used here didcatietmpt to forecast the fate of the
metapopulation in the future. Rather, the aim waasxamine the dynamics of the population
under present conditions with certain assumpti@aswell 2001). In this case they included
constant environment, constant self recruitment eownectivity proportions in time and
density-independent vital rates. The first two aggstions are discussed in chapter 3 section 2.
Density-independent vital rates are a reasonalsiengstion because | was only interested in
the direction of the population growth rates (desior negative) and not in its shape (linear

or non linear).

Model sensitivity to changes in resident survivalates

One of the advantages of constructing populatiotrirnmodels is that the sensitivity
of the population growth rate to variations in fedity, growth, or survival rates can be
simulated by varying these parameters in the madelthen calculating, for each scenario
(Crouse et al. 1987). A simple analytical elasficnalysis (a proportional measure of
sensitivity, see Caswell 2001) of the transitiortnraA suggested that; was in general more
sensitive to changes in survival rates (especratiyes and females) than in fecundities (data
not shown). Assuming that connectivity patternseshgpmostly on the spatial configuration
among populations and not in the biological feawkthe species (Jones et al. 2009b) then it
becomes interesting to leave connectivity valuesdiin the model and to test how different
survival rates will chang#; in this particular connectivity scenario. The vaaa in survival
probabilities was evaluated by using published isatvand transition probabilities of
Amphiprion percula (Buston and Garcia 2007). This species has higlmeival probabilities
than the ones | estimated in this studyAopolymnus, and was an interesting real data set to
evaluate in our “fixed” connectivity context. In eih study survival and transition
probabilities for this species were estimated ist&ges corresponding to size ranks. The

survival probabilities of the 4 lower stages coosding to ranks (6 to 3) were averaged and
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used as an estimate Bf in stage 1. Finally, unmodified survival rates fanks 2 and 1

(males and females respectively) were used asastsnfior stages 2 and 3.

RESULTS

Of the 450 resident individuals that were fin ckdpn 2008, 273 were still present in
2009 providing estimates of survival and transitprobabilities (Table 1). Average survival
probabilities were 0.513, 0.77 and 0.628 for julemimales and females respectively. These
values were then used in the transition matrisesThe mean number of juveniles that self
recruited or were exchanged per year per site &geer over two years, estimated using
parentage analysis) ranged from 0 to 18 (Tabl&@)n 301 observed juveniles, 39 recruited
in their natal populations (self-recruits), 55 retad in one of the other local populations
(local connectivity) and the remaining 207 were iigmants from outside the boundaries of
the study. These values were divided by the nurobdemales observed in 2008 in each
population to obtain individual fecundity valuesthvere included in the resulting stage class
metapopulation matriA (Table 4, appendix).
Table 1 A. Transition matrix showing the probability of surivig and remaining in the initial stage (Pi) and th
probability of surviving and advancing in stage )(@f Amphiprion polymnus anemonefish in Bootless Bay,

Papua New Guinea. Numbers in brackets correspotitetaumber of fish in each stage that were fippad in
2008.B. Transition matrix using data published in (Busémd Garcia 2007).

A Initial stage
Transition probabilities L 2 3
(n=226) (n=111) (n=113)

Final stage 1 0.3186 0 0

2 0.1947 0.5225 0

3 0 0.2478 0.6283
Probability of surviving 0.5133 0.7703 0.6283
B Initial stage
Transition probabilities 1 2 3
Final stage 1 0.5540 0 0

2 0.0589 0.8837 0

30 0.0581 0.9310

Probability of surviving 0.6129 0.9418 0.9310

In terms of percentage of recruitment, scenaridota( dynamics: self recruitment
within populations only) meant that only ~13% oé thbserved recruitment was considered as
source of population replenishment. None of thesgopulations had a positive growth rate
with the observed self-recruitment rates (TableTBke highest values af; (0.8447) and (-

0.1688) were to Taurama, the population with higsel recruitment.
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Table 2 Estimates of the number of self recruits (boldesisithin and local connectivity among populations
per year forAmphiprion polymnus based on parentage analyses performed over twsecotive years (2008 and
2009). Last column shows the number of immigrantt @ssigned to any of the local populations) #rated
between 2008 and 2009 to each population.

Source
BA LO MO LI MN TA BE immigrants
Sink n=23 n=16 n=12 n=11 N=6 n=23 n=22

BA 7 0 1 2 1 0.5 2 47
LO 5 3 25 2 1 2 0.5 21
MO 4 2 15 5 2 35 15 32
LI 2 1 0 1 0 2 1 19
MN 1 0 0 1 05 1 15 12
TA 1 0 0.5 2 1 18 0.5 32
BE 3 1 0.5 2 05 2 8 41
Total self recruitment (diagonal) 39

Total local connectivity 55

Total number of immigrants 207

In scenario 2, exchange of larvae among the sewpnlg@tions was allowed, but no
larvae coming from outside. In terms of recruitmeahis meant more than doubling the
number of juveniles explained by adults in each gapulation, with an ~ 30% self-
recruitment. The dominant eigenvalugeof the metapopulation matrik wasi,- 0.8567 and
the intrinsic growth rate = -0.1547. Compared to the previous scenario (selurenent
only), adding local connectivity only had a smatisjiive effect on the overall population
growth rate. That is, despite the local connegtj\atl else being equal, the populations would
still undergo a decline (Figure 2.A).

In scenario 3, the input of larvae from an unkn@euarce at a constant rate per year
was allowed. In terms of recruitment, this encorspdsl00% of observed recruitment. In this
case the intrinsic rate of change was estimatedaboulating the slope of the corresponding
line of figure 2.A based on equation (2). For tieigression | used data beginning at thd 15
time step because at this point the system hadheeaa stable form. Intrinsic rate of change
when immigration was allowed was slightly posit(ve= 0.0002, R?= 0.97) and from equation
(2) an estimation of the dominant eigenvalue was abtimated\( = e" = 1.0002).

The same procedure was repeated after increasmyaurates by 10, 17 and 31 %
for juveniles, males and females respectively (@aliB). With these new survival rates, in
scenario 1 (allowing only for self-recruitment aplenishment source) individual population
M increased to values between 0.9433 and 0.9883rempectiver from -0.0584 to -0.0118
(Table.3). When connectivity between populations wdroduced, the dominant eigenvalue
was even closer to (= 0.9924) and the intrinsic rate of change waserlds O ( = -
0.0076) almost reaching demographic equilibriung@Feé 2.B). Finally, when immigrants
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where included the population intrinsic rate of i@ became positive= 0.0245 (R2= 0.99)

and from equation (2); = e" = 1.0248.

Table 3. Variation of the number of self recruits per femaler year among the seven populationsAof
polymnus. For each population the number of self recrditalso expressed as the percentage of self reemiitm
estimated from parentage analysis for each populaResulting population growth rafe)and intrinsic rate of
change () are shown for each of the two survival scenarios.

Low survival High survival
(table 1A) (table 1B)
Number of self Mean self
recruits*female recruitment A r M r
Population Lyear? (2008-2009)
1 (BA) 0.28 9% 0.7585 -0.2765 0.9615 -0.0393
2 (LO) 0.16 4% 0.7161 -0.3339 0.9510  -0.0502
3 (MO) 0.13 2% 0.7123 -0.3393 0.9479 -0.0535
4 (L) 0.09 3% 0.7123 -0.3393 0.9442 -0.0574
5 (MN) 0.08 5% 0.6902 -0.3707 0.9433 -0.0584
6 (TA) 0.76 30% 0.8447 -0.1688 0.9883 -0.0118
7 (BE) 0.36 8% 0.7771 -0.2522 0.9671 -0.0334
A B
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Figure 2. Graphic results of the matrix metapopulation modescribing the mean number of female
polymnus per population (average of the 7 populations) al@time steps (yearsh) Low survival scenario
using data from table 1) High survival scenario using data from table 1B.eAch scenario simulation of
local dynamics (only self recruitment allowed) aepresented by diamonds; metapopulation dynamazsal(l
exchange among populations allowed but no exteim@lit) are represented by triangles; Metapopulation
dynamics with external larval input is representgdsquares. Note that the values of number of fesnper
population are logtransformed. In this way from equation (2) thepsl®f the resulting lines can be taken as an
approximation of the intrinsic rate of changedf the metapopulation.
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DISCUSSION

Overall, the results of this model suggest thatXopolymnus at the local population
scale, even populations with relatively high selfruitment (~30%) are not self-sustainable.
At the metapopulation level, when local connecyivitas also included (corresponding to
~33% of total recruitment), there was a positivie@fon the overall growth rate. However,
this extra larval input was not sufficient to chanthe negative growth rate of the
metapopulation. In other words, when allowinghie todel for larval exchange among the
seven populations, conditions for persistence weremet either. Stability was achieved
when the remaining recruits (immigrants) were ideld in the model. This study is unique
that it integrates DNA-based empirical estimatepagulation parameters with a model of a
known metapopulation of a coral reef fish speclesdoing so, it provides evidence of the
relative importance of different larval sourcesexplaining population persistence in this
space-limited species.

Before discussing the implications of this modelepproach, it is worth mentioning
that the survival rates fok. polymnus estimated in this study are considerably lowentha
those reported for its congener spedegpercula (Buston and Garcia 2007), used here as an
alternative scenario. Even if at first sight boplecies do not seem to be that different in their
ecology to explain such differences, many factaa be at the origin of this variation,
including the difference in the geographic locateoxmd methods used to estimate survival
between studies. Yet, it is worth mentioning thaé dikely contribution to these differences
in mortality might the difference in behaviour beem the two species. Largenphiprion
species usually venture further away from theirt lsmeemones than smaller species (Hattori
1995). InA. polymnus adult fish can be seen sometimes a few meters &waythe anemone
when they are feeding and breeding couples witlisnesn be aggressive and swim away
from their anemone to chase away larger organisig@isgass by (including scuba divers) to
protect their eggs (personal observatioAspercula on the other hand is never more than ~1
meter away from their host anemone and might evakerable to predation that its bigger
congenerA. polymnus. A comparative study using the same techniquesédnséime location
would be interesting to validate this idea.

The spatial scale at which demographic stabilitg wehieved by larval exchange was
smaller under scenarios of higher survival ratésy($urn over rates) than for scenarios with
lower survival rates. What is interesting abous #pproach is that it allows to quantitatively

estimating how much changes in survival affectstede at which self-persistence is achieve.
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If it is assumed that connectivity patterns arestiyodetermined by geographic
features, and that habitat beyond our study’s Ilirag the same characteristics as it has within
(in terms of size and distance among patches))twh connectivity will increase linearly as
the area considered increases and self recruitivéhtemain constant. In numbers this
means that the contribution to total recruitmentlth km of coast-line of the populations
within that area will be ~30 % (this includes ~13foself recruitment and 17% of local
connectivity). If this area is doubled then thepgaion explained by self recruitment will be
the same (~13%) but the proportion explained bywll@onnectivity will increase to 34%.
Using this logic, the area needed to reach dembgraelf persistence can be estimated by
adding spatial units and calculating the overafiydation’s growth rate)g). In this case, self-
persistence is achieved only when considering atweand 6 spatial units (~55km) for a
species with low survival rates and between 1 atbZzm) for a species with high survival
rates (Figure 3). From a conservation perspectikis, means that assessing protection
baseline (e.g. size of an MPA) based on a specits rather high turnover rates (high
mortality) and easy to study in the field suchfagpolymnus, should also effectively assure
conservation of larger species that are also rabeéentary as adults. However, verifying the
relative importance of the geographic context arttividual species characteristics is needed
before any extrapolation of these particular rascdin be considered.
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Figure 3 Relationship between population growth rate amdribhmber of spatial units (1 unit ~ 10 Km) for low
(open squares) and high (filled circles) survivaks. The broken horizontal line indicates a stdblmographic
rate. Values of growth rates for each of the irdliél seven populations assuming only self recruitnaee
shown near the origin of the x axis.

Another way of interpreting model results is by g that the two different
survivorship scenarios correspond to two proteclsmels of this species. On one hand, low
survivorship can be interpreted as a baselineeaas® with no protection measures, or were

protection is partial (e.g. focused on protectibhabitat for juveniles only and where fishing
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of large individuals is allowed to some extent).r Example, there is evidence that fish
abundance and size of heavily targeted fish ingdbropen marine reserves does not increase
compared to open fishing grounds (Denny and Bab&bfk). In fact some studies have
shown that fishing pressure on large fish categoofetargeted species may not diminish in
partially protected areas (Lester and Halpern 2088) a consequence, mortality of these
targeted fish species remains high (Coleman €04l4). In the second scenario, increasing
survival rates, especially of large size stages, loa considered as a strategy focused on
protecting large individuals (e.g. no take reserigz)der the first strategy (low survival rates)
model results suggest that a large area of regareend 5 times larger than our study area)
would be needed to achieve population persisteimcé¢he second scenario (high survival
rates), by increasing survival, especially of bregdish, population persistence is achieved
at a smaller spatial scale (10 to 15 km). In teofnsonservation strategies for heavily fished
species exogenous larval input in to a reserve beilminimal and the population within the
reserve will have to be self-sustaining. What i&istg of these results is that they show that
the heavier the fishing pressure will be, the latbe area that needs to be protected will be to
avoid the population from collapsing.

From an empirical perspective we are still far freamcomplete understanding of
demographic connectivity, as a full descriptioraafispersal kernel has not yet been achieved
(Botsford et al. 2009). There are still large gapthe knowledge of the extent of ecologically
relevant levels of larval connectivity and the @astthat might influence variation across
locations and species (Jones et al. 2009b). Thsepteresults suggest that stage-based
survival and population turn over rates are critmaameters that must be assessed to model
population persistence in marine populations argigdemarine protected areas. This study
has shown that individual genetic based methodsigeoa whole range of tools to obtain
estimates of these parameters in marine populatibhe model presented here remains
relatively simple, but provides useful predicticaisout the scale that management decisions
would need to be applied to successfully protesttpecies. The same kind of empirical data
obtained with these methods could be also usedare momplete and complex modelling
approaches that take into account several othdodwally important factors to forecast
future scenarios in more realistic ways (Ak¢caka§@®@ Hastings and Botsford 2006, Kaplan
et al. 2006, Kaplan et al. 2009, White et al. 2010 the looming threat of climate change,
modelling approaches will play a crucial role iretbesign and success of our actions to

preserve the oceans.
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Table 4. Stage-class metapopulation matrix Aopolymnus. Values of fecundity were estimated from data et andGi andPi numeric values are shown in table 5.1.
BA1 BA2 BA3 LOl1 LO2 LO3 MO1 MO2 MO3 LI1 LI2 LI3 MM MN2 MN3 TAl TA2 TA3 BE1 BE2 BE3

BA1 P, 0 0280 O 0 a 0 0 0083 0 O 0.091 0 0 0.083 0 060 O 0 0.091
BA2 | G, P, 0! 0 0 0! 0 0 0 0 O 0 0 0 0 0 0 0 0 0 0
BA3 | | 0 G Py; 0 0 0. o .0 0 0 0 . o o0 (U D 0. .0 .. 0 0 o 0
LO1 0 0 0.188 P, 0 0.140: 0 0 0208 0 O 0.091 0 0 0.333 0 0 0.D65 0 0Mm23
LO2 0 0 00 G P 0! 0 0 00 0 O 0 0 0 0 0 0 ) 0 0 0
LO3 | o o | 00 0 G Psi 0 o | 0: 0 0 0 | o 0 o o N o 0
MO1 0 0 0.146 0 0 0111 P, 0 0130, O 0O 0.182 0 0 0.583 0 0 0.217 0 0 0.068
MO2 0 0 0! 0 0 0 G P, 0: 0 0 0! 0 0 o) 0 0 0 0 0 0
MO3 | o o | 00 .0 0 0 0. Gy Pgi 0 0 | 0i . 0 0.0 0 o q o o0 0
LI1 0 0 0.063: 0 0 0.056 0 0 OP, 0O 0.090: 0 0 Q 0 0 0.087 0 0 0.045
LI2 0 0 0! O 0 0 0 0 0 G P, 0! 0 0 0! 0 0 0 0 0 0
LI | 0 0. 0. 0 o 0 _ .0 . o 006G, . Psi 0 o 0 0 0 0 0 0 ! 0
MNL| 0 0 0021} 0 © 0 0 0 O 0 0 0045 P 0 0.080 0 0 0022 0 0 0.068
MN2 0 0 0i 0 0 0 0 0 6 0 0 D G P, 0. 0 0 00 0 0 0
MN3 | | 0 o 0, 0 .0 U o . 0 .. 0 0 0 ¢ o . 0 G Psi O | 0O 0: 0 . o 0
TAL 0 0 0.042 0 0 0 0 0 0042 0 0 0.182 0 0 0.167P 0 0760 0O 0 0.023
TA2 0 0 0, 0 0 0 0 0 O 0 o0 0 0 0 0 G P 0: O 0 0
TA3 | | 0 0 0 0 0 o o 0 .. 6 0 0 ¢ o . 0 0 . 0 . 0G P O O O
BE1 0 0 0.104 0 0 0.028 0 0 0042 0 0 0.182 0 0830 O 0 0.065 P, 0 0.360
BE2 0 0 0. 0 0 o 0 0 0O 0 O 0 0 0 10 0 0 10G, P, 0
BE3 0 0 0: 0 0 G 0 0O 0 O 0 0 0 10 0 0 | 0 0G, Ps
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CHAPTER 6

GENERAL CONCLUSIONS
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Marine larval dispersal remains difficult to stubdgcause dispersing propagules are
minute, have complex behaviour and move in vastesgpdhat are also complex. Yet, the
development of new techniques and models is defyngtarting to bring this ambitious quest
to a whole new level. Dispersal plays a major ratedifferent scales and levels of
organisation, from determining the extent of a gmcrange of expansion and the
interconnection of populations within communitig¢s, the fate of single individuals that
venture far from their natal origins. Such a brpadential role makes it critical to continue
and increase the efforts to study this processeaaly in marine ecosystems where the
human impact and climate change are affecting #aiilibrium. This thesis represents a new
contribution towards a better understanding of dgnayohic connectivity in coral reef fish. It
provides evidence of the importance of the geogcagétting in the shape of larval dispersal
and the size structure within focal populationg, ddso brings new questions and challenges

about the functioning of marine populations thdt e interesting to develop in the future.

Demographic connectivity and genetic tools

The main result of chapter 2 proposes that usimgnpage analyses to obtain direct
estimates of larval retention in marine naturalyjapons can be extended to estimate larval
exchange among several discrete populations. Rgeminalysis using. polymnus data sets
performed well in conditions of high gene flow. Shakepartures from panmixia did not seem
to have a significant impact on parent offspringigements. Besides, it is shown that
incomplete sampling, considered as one of the pyinlianitations to the application of
likelihood based parentage analysis to natural jadpas (Marshall et al. 1998, Neff et al.
2000, Jones et al. 2009a), can be compensatecctBasging the number of genetic markers.
With the recent advances in molecular technolo@taiaing large numbers of highly variable
genetic markers for non model species is no lohgghly time consuming or unaffordable.
Parentage analyses and population inference metl@ash as assignment tests) are
complementary and the usefulness of each one depgmh specific contexts. Since in most
marine organisms with a dispersive larval phasater homogenous genetic pool can be
found over relatively long distances (hundreds of)kextending parentage analysis to
broader spatial scales than the one of this stadyot unfeasible. Additionally, individual
genetic tags generated from these procedures camdggated in capture-recapture studies
replacing artificial tags, which may have adversieats on individuals (specially small
ones)(e.g. Malone et al. 1999), to obtain estimatesemographic parameters in marine

populations (chapters 4 and 5).
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One of the challenges that lie ahead for the apfdin of these methods to estimate
connectivity in more mobile species (compared tenaonefish) will be to accurately estimate
the size of local adult populations. Such is theecan some commercially targeted fish
species for which traditional visual surveys andfieial tagging can lead to levels of
uncertainty that in the context of population sestimation are acceptable (e.g. Zeller and
Russ 2000), but when combined with connectivitynestes can lead to higher levels of
uncertainty (Jones et al. 1999, Almany et al. 200ftural DNA tags might provide an
interesting alternative to artificial tags that lwdefinitely be worth testing in census

population size estimation (Luikart et al. 2010).

Some patterns of demographic connectivity throughdrval dispersal

Results of chapter 3 indicated that in terms of satruitment, this metapopulation
system is characterised by high spatial heterogeaeaiong individual sites. Yet on average,
these values are low compared to previous reporntshier localities (Jones et al. 1999, Jones
et al. 2005, Almany et al. 2007, Carreras-Carbostedll. 2007, Planes et al. 2009). Chapter 5
suggests that even at the scale of ~10 km thersysperates as an open population, relying
on external sources of larvae to achieve positiopufation’s growth rates. The idea that
marine populations function as open systems isaat (e.g. Doherty and Fowler 1994), but
these findings provide a quantitative descriptibrexchange among geographically distinct
populations that had never been achieved beforsid8g while the current conception of
marine population dynamics stresses the highlyabéei and unpredictable nature of the
magnitude of replenishment (Doherty and Williams389Dixon et al. 1999, Sale et al.
2005b), results of chapter 3 suggest that reldiwvels of retention within and exchange
among sites seem somewhat constant in time. Temgt@izlity might be a combination of
consistent patterns in marine current regimes is riggion (Wyrtki 1960) and demographic
stability of these particular populations. In tutemographic stability in populations of
clownfish might be a combination of their partiaulde stile and the fact that in this region
habitat seems to be close to its maximum carryaqgacity (most anemones are occupied).
However, whether the observed stability is coneistg was just a coincidence will need
longer time series of observations.

Similar constant temporal patterns have been regdrt a different location with a
different time sampling interval (Almany et al. ZQPlanes et al. 2009), supporting the idea
that at least the shape and direction of larvgbatisal kernels might be less stochastic than

previously thought. In contrast, the differencepatterns of levels of self recruitment in this
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study (~18-25%) with those reported by Almany etaald Planes et al. (40-60%) in Kimbe
bay, support the idea that spatial distributionsoitable habitats may be more relevant in
shaping connectivity among adjacent populationa tti@ history characteristics of individual
species (Almany et al. 2007, Ayre et al. 2009, 3oeeal. 2009b). Testing this idea will
require more independent studies on different lonatand species. If this happens to be true,
it implies that conservation strategies adapted fmarticular location will be effective for a
wide range of species.

Chapter 4 was an ambitious attempt to measure fadreffects on local population
replenishment. The abundance of factors (and compkeractions among them) that can
potentially influence survival and fitness of maripelagic larvae, from the moment they are
conceived until recruitment in an adult populatianto a certain extent overwhelming. This
complexity was perhaps responsible for most ofuhexplained variation in fecundity and
reproductive success in the results of this chaptet, despite these high levels of variation, |
was able to demonstrate a link between habitatadiedjon and a diminution in reproductive
output of this fish. Also | showed that individuaéproductive success (in terms of
contribution to local population replenishmentlifnked to maternal size. This last finding is
the first field evidence for the hypothesis thajdar females have higher contributions to the
replenishment of marine populations. These regutigide solid evidence supporting the idea
that marine population’s dynamics behave in wags éine consistent with effects of maternal
age/size and that maternal effects do not seere torlited to large and long lived exploited
species only. In contrast, our data does not semmsupport the idea that the higher
contribution to replenishment by larger female$inked to differences in larval quality that
are related to female size. Although more studresneeded to back up our findings, this
result highlights the importance of testing hypsiedrom laboratory studies in the field. It is
clear that bigger females produce better qualityala under controlled conditions (Berkeley
et al. 2004a), and that these “high quality” larvalso do better when reared under
homogenous environments (Donelson et al. 2008).tBaitmechanisms by which different
larval traits might be selected in a natural hejer@ous environment remains to be

elucidated, as well as the importance of paretitetes on larval quality in wild populations.

Connectivity, population stability and future perspectives
The existence of patterns such as temporal stalaititt geographic determination of
population connectivity will have important implicans in the way marine resources and

conservation strategies will be directed. Howedem an empirical perspective we are still
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far from understanding demographic connectivityfulh description of a dispersal kernel has
not been achieved so far (Botsford et al. 2009, there are still large gaps in terms of the
diversity of available empirical data across lomasi and species (Jones et al. 2009b). There is
still a great effort to be made before any of thesgposed patterns can be accepted. Parentage
analysis has been proved to be a reliable approatths field. Given the recent advances in
molecular technology, the extension of this typstaflies to other marine species in different
geographic context is promising. However, extendiel sampling in marine organisms
remains logistically challenging and is perhapsrtiagor limit of expanding this approach to
larger geographic scales. Coupling this approacth widirect genetic methods such as
isolation by distance (Pinsky et al. 2010) and bygcal models (Maurice et al. 2002, Cowen
et al. 2006, Treml et al. 2008) will provide a mamamplete perspective on demographic as
well as evolutionary connectivity.

At the same time, recent advances in the studwmfl behaviour have shown that
larvae are far from being passive particles. Caogpkempirical studies like this one, with
biophysical modelling at small spatial scales llbw a better understanding of the role of
active behaviour in larval dispersal. Likewise, @gmaphic data derived from genetic studies
as in this dissertation can also be used to britigegap in population biology between
theoretical and empirical studies as illustratedhapter 5 by a simple demographic model. In
turn, these individual based demographic models lmanntegrated as modules in more
complex connectivity model systems (CMS) (Salel.e2@10) that will be soon available on-
line to the general public. CMS incorporate spesjgscific biological and site-specific (real-
time) physical data to provide output that is speto particular organisms and regions. Well
validated biophysical models (by comparing with @mpl connectivity data) that integrate
species specific biological data will become powktbols to generate hypothesis and reveal
the importance of particular processes in spesifienarios providing accurate and valuable
information to conservation managers (e.g. optitisaof MPA networks) (Hastings and
Botsford 2006, Kaplan et al. 2006, Kaplan et ab2®Bale et al. 2010, White et al. 2010b).

Concluding remarks

Many marine systems are under high threats thdatidecoverexploitation, climate
change, pollution and habitat degradation. Habdas, fragmentation and distance among
suitable habitats is predicted to increase in s few years, which in turn is likely to reduce
dispersal potential of many species and increasectiances of local extinctions by small-

scale disturbances (Munday et al. 2009). We arenbiewy to understand the scale in which
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marine populations are connected by larval dispensd some general patterns that might
explain differences in the shape of dispersal Ker(gich as configuration of the geographic
context) seem to be arising. However more detaitédrmation over a wider range of
geographic locations and species remains a topitgrfor conservation biologists working in
marine connectivity. Some of the results presehi@ provide new field evidence of how
individual contribution of adults to the replenistimt of local populations depends on their
size. These results also provide solid supporafonange in management strategies in favour
of those that not only regulate total mortality l@$éo aim to protect and restore age/size
structure such as no-take marine reserves (KramdrSale 2004, Palumbi 2004a, Sale et al.
2005a, Venturelli et al. 2009). However, this dits#on is just the beginning. More empirical
studies are needed to test the hypotheses proposexi and build a solid scientific
background that can be integrated in conservattoategjies. Only by combining efforts
between conservationists and scientists we willefidly avoid the collapse of marine

ecosystems and warrant their sustainable use.
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