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Abstract

Parents are expectémimake decisions about reproductive timing and investment that
maximizetheir.own fitnesseven if this does not maximize the fitness of each individual
offspring. "When offspring surviva uncertain selection typicallyfavorsiteroparity, which
means thaoffspring born at some times can be disadvantaged, while others get lucky. The
eventual fate"of'offspring may be further modified by their own decishnestatesof offspring
set by birthdates (i.e., determined by parents), or can offspring improve upandbehey've
been dealt® se; do we see adaptive plasticity in the developmental timing of offspviteg?
evaluate these‘questions focoral reef fish(thesixbar wrasselhalassoma hardwickehat is
characterizety extreme iteroparitgnd fexible larval developmen§pecifically, we monitored
larval settlement to 192 small reefs over 11 lunar months and found that most fishdsettlg
new moons of a lunar cycle (consistent with preferential settlement on dark.n8gitement
was signifieantly lower than expected by chance during the full moon and last quantefuofar
cycle (consistent with avoidance of bright nights). Survival after settlement was greatest for fish
that settledluringtimes of decreasing lunar illumination (from last quarter to new méast).
that settld.on'the last quarter of the lunar cycle were ~10% larger than fish that settled during
other periods, suggesting larvae delay settlement to avoid the full mMidwse results are
consistent with a numericatodel that predicts plasticity larval development time thahables
avoidance of'settlement during bright perio@sllectively, our results suggest that fish with
inauspicious.birthdates may alter their developmental trajectories to settle at better times. We
speculate(that such interactions between parent and offspring strategiesnitage the
evolution ofextreme iteroparityand drive population dynamics, by increasing the survival of
offspring born at the “wrong” time by allowing them to avoid the riskiest times oéswitit.
Keywords: reef fish; lunar periodicitysize at-settlement; developmental dejdije history;

recruitment;nocturnal illumination; pesettlement processes, phenology
I ntroduction

“Timing is everything”, or so the saying goes. Birth order and tiroingproduction can

determine survival, shape personalities and influence other opportunities fomgf{gyus
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1966, Semlitsch et al. 1988, Thomas et al. 2001, Platt et al. 2003, Verdu and Traveset 2005,
Duckworth et al. 2015Parents cho@swhen to reproduce, and offspring may be left to play the
hand they've been dealt. Thus, we may askoffspringalter their developmental rates and
trajectories to compensate for a podriyed birth? If so, how does thiplasticity affectpatterns

of population.replenishment and subsequymamics?

These arémportant andelatively unexploredjuestions for mangnarine reef organisms
that havecomplex lifecycles (Caley et al. 1996)n marine reef ecosystemsludts are often
iteroparousang@roduce many offsprinfeggs, larvaedhat develop, disperse, and mostly die
(White et al. 2014) in offshore waters before survisattle back to reef habitats. The process of
settlemenis alserisky (Doherty et al. 2004). Thus,any speciebave larva thatsettle at a
higher raterduring new moons of a lunar cycle (e.g., Rankin and Sponaugle 2014) when peak tidal
amplitudescanenhance transport to settlement destinatiboswWard and Tankersley 200Bnd
cover of darkness reduces predation rates (Acosta and Butler 1999). Dark qlesidasar
cycle may represeiat good settlement windowdnsuPineda et al. 20Q6or larvae ofmany
marine reefsarganismseeTodd and Doyle 1981 for an analogous example involving prey
resources)

Adults should nake decisions about reproductive timing and investmenhthatmize
their own fitnesseven if this does not maximize the fitness of each offsfivayner 1998).
Environmental uncertainty often selects for iteroparity as a diversifickidokgfing strategy
(Wilbur and Rudolf 2006). Adults of mamgef fishare highly iteroparouspawrng on a fairly
continuoussbasifClaydon et al. 2014p producdarvaewith a wide range of birthdates. Larvae
spawned at.certain times may have better odds of survival (e.gtimedlto hit &avorable
settlement windowFig 1a) than others thatere spawned at less advantageous times. However,
larvae of many reef orgasms also have plastic developmemgbs(Victor 1986, Sponaugle and
Cowen 1996, Robertson et al. 1999), excellent sensory and locomotory capabilities (Leis 2006)
and are therefore wetiquipped to change where and when they settle (Shima 2001). A high
degree of plasticitgouldenhance larval survival and concentrate settlement compared to what
would be predicted based upon birthdate alone. Both increased survival and synchrony could
enhance the strength of densiigpendence and thus alter spatial @maporal population

dynamics and regulation.
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91 Here, we investigate patterns of larval settlement for a coral reef fish (the sixbar wrasse,

92 Thalassoma hardwickehat exhibits lifehistory traits common to many reef organisms: adults

93 are highly iteroparous (Claydon et al 2014), and they produce lartra#iexible developmental

94  durations (Victor 1986Fig 1a). First, we evaluate the hypothesis gigbarssettlenon-

95 randomly across the lunar cycle, with greatest settlement during the new moaceti@iadica

96 good settlement window; e.g., Sponaugle and Cowen 1996, Robertson et al.9€89d, &

97 ask whetherthdistribution ofsizes of settlerg(arriving across théunar cyclg is consistent with

98 a hypothesistthat individuadgljust theidevelopmental rates target new moons and/or avoid

99 full moons (e.g., Sponaugle and Cowen 1996, Robertson et al. 1999). Third, we explore post-
100 settlementsurvivednd growthof sixbars that settleduring different periods of the lunar cycle.
101 Finally, weusea simple mathematical model explore fitness payoffs to larvae that can change
102 their development times. We evaluate empirical results againsptineal developmental
103 durations predicted bipis simulation Collectively, our results support a conceptual model in
104  which flexible development arassociatedemographic consequendi®ly contribute taa type
105 of ecoevolutionary feedbaclksénsuschoener 201 1thatshouldreinforce iteroparityas adaptive
106 plasticity intthesiming of settlemebl larvaewill reducea potential cost o&dultiteroparityby
107 increasing.thesurvival of offspring born at the “wrong” time.

108

109 M ethods

110 StudySystem

111 We evaluatd settlementf a coral reef fisl{sixbar wrasselrhalassoma hardwicléo

112 small patchiwreefs on the island of Moorea, French PolynEsiaBQ’ S, 149° 50’ W. Sixbars are

113 smaltbodied fishthat inhabitshallowcoral reefs across much thie IndoPacific region andare

114  particularly common witim the lagoon system of Moorea (Galzin 1987). In general, they exhibit
115 life history_patterns common to many marine organisms:tagy,arehighly iteroparous, with

116 spawning occurringn most daysf a lunar cycle and across muahthe year (Claydon et al.

117 2014). On.Moorea, we typically observe spawning activity along reef edges and during outgoing
118 tides, consistent with a parental strategy thaximizesadvecton of propagules off the reef

119 (Johannes 1978, Claydon 2004). Larvae develop in the pelagic environment and apgeéar to

120 flexible developmental durations (range: 39 to 63 days; Victor 1926¢ stage larvaee-enter

121 the lagoon system of Moorea by traversimgosshe offshorebarrierreef cres{Dufour and
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122 Galzin 1993, Lecchini et al 200@hd settle temall patch reefs that argpically interspersed

123 amidsand pavement, or cobble substrate (Shima 1999, 2001, Shima and Osenberg 2003, Shima
124 et al 2008). In addition, and like many other wrasses (Kazancioglu and Alonzo 2010), sibars ar
125 sequentibprotogynous hermaphrodites.

126

127 Periodicity.in Settlement

128 We'estimated settlemenf sixbarsonto 192 small patclheefsover 6lunar cycles

129 (JanuaryJuly)yiin'2004, and 5 lunar cycleBdlruary-Jung in 2005.Sampled reefs were evenly
130 distributed among 18ites(16 patch reefs per site)eBfs varied in size (mean surface area

131 12.38 m SD =5.96 and compositioifmean live coral cover = 64% [SD = 20]; turf algae = 16%
132 [SD = 21];'macroalgae 6% [SD = 9]; banebstrate= 9% [SD=11]; se&hima et al2008for

133 furthermethodological details)We estimated the numbers and siztar{dard length$p nearest
134 mm,aided by photographic referendgaessitu) of all juvenile sixbar®on each regfapproximately

135 every 3-5days (mean interval between censuse88 d;SD=2.55), overall 11 months of

136 observationsWedifferentiatednewly settled sixbars by their small sizel® mm), lack of full

137 pigmentationimostly transparenttharacteristibehaviomatterns (typically sheltering in small
138 colonies of.branching corats clumps of macroalgae), and absence from previous cer{seses
139 Shima et.al2008). Surveys were conducted by multiple observers in 2004, and by a single
140 observerin 2005.

141 We categorizedew settlergo (1) alunar month, an@?) aquarter of the lunar month

142 (i.e.,centereddnfirst quarter, full mon, last quarter, and new moon) based upon observed

143 settlement'datesWe distributedsettlement observatisoverthe days between sampling events
144  (i.e., to correct for variable sampling effort), to derimeeatimate othe number o§ettlersfor

145 each dayor each reef. We summdéiteseestimates oflaily settlement across reetnd then

146 calculatedhe averag@roportion (x95% CI) of sixbars that settled during each quarter (n=11
147 lunar months). \We compared the observed distribution to a null expectation of homogeneous
148 settlementi.esfequal settlement to each quarf@oportions = 0.25).

149

150 Sizeat-settlement

151 Becauseur visual estimates of size gbung sixbars varied among observers byriA3

152 in 2004, we evaluated variation in siaesettlement using datanly from 2005 whena single
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observemade all of the observations. These estimates of sizenigtverecisioncorrelation
between visual estimates and size of collected @i®98)and low bias(average error 8.02nm;
Geange 2010). We evaluated variation in sigzsettlement using a generaliziatear mixed
effects maodel (Proc Glimmix, SAS 9.8jth aPoisson distributioibecause the response
variable comprised a small setinfeges, e.g., 9, 10, 11, 12, 13) Specifically we modelled
sizeat-settlements a function of lunar quarter (first quarter, full moon, last quarter, or new
moor treated-as a fixed effgctunar month(included as a blocto control for potentiadeasonal
variation fixed-effect), and regfto accommodate potential non-independence of different fish
settling tolcommon reefsandom effect)We also evaluated an interaction term (between lunar

quarter and lunar month); this was not significant, so we excluded it from our fidal.mo

Survivaland growthafter settlement

We estimateghostsettlemensurvivalof all newly settled sixbars from surveys made at
3-5d intervals (described above). The relatively small number of fish on reefs)eard
relationship-betweebody length and age over this size range (Shima 1888led us to
discernsurvivaland growthtrajectories of individuals (or groups of individuals that settlatieat
samesizeand timg. We estimatedieath dates of individus from the disappeararsoaf
appropriately sizefish in a survey intervalf¢r more details, se8hima and Osenberg 2003,
Shima et al 2008).We calculated survival time as the difference between death date and
settlement.date. We evaluated variation in survival time as a functibalahar quarter and
lunar month»wheettlement occurredising a survival analysis (Proc Lifereg, SAS 9\8)e
useda Welbulldistribution, which allows the hazard function to waith postsettlement age
We also eyvaluatetheinteraction term (between lunar quarter and lunar month); this was not
significant, so we excluded it from our final mod®&Ve estimatd mean survival times for lunar
months and quarters by taking the product of the exponenimézdept parameter and the
factorial of the SAScale parameteafter Shima et al. 2008

Because the analyses described above suggested (&) setdement varied among lunar
quarters, and (XJurvival alsovaried withlunarphase at settlememne conducted a secondary
analysis to distinguish between effects of size and lunar quarter. In additidspwesadthe
hypothess that survival depended upon lunar illuminatiog., that the probability of death was

greater during full moons, independent of the lunar quarter during which the fish settled.
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Specifically, we evaluated variatiam survival as a function of the lunar quarter and lunar month
when settlement occurred, siaesettlement, and an index of lunar illuminatioNe estimated
lunar illumination as the fraction of the moon illuminated

(http://aa.usno.navy.mil/data/docs/MoonFraction)phpthe date that individuals went missing;

for fish that survived beyond the end of our survey period ¢easored observatioms our
survival analysis)lunarilluminationwas assigned as a missing val#es above, we used a
survivalranalysis (Proc Lifereg, SAS 9.3) with a Weibull distribution, and we eedlasfull
model with all"possible interactions; we sequentially removed non-significgimer-order
interactions to determine a reduced model.

We estimated postettlement growtlnate for all fish that survived >7 d (i.e., sufficient
time to observe an increase in sigeen our measurement precision) as the difference between
final sizeand initial siz, divided by theéime interval separating these two observatiomfis
metric assumethatgrowth in body lengtiper unit timels constant over the range of fish sizes
that we observed (this assumption seems reasonable given a linear relationship $izénaeeh
agefor asimilarssample of sixbars; Shima 199%e evaluated variation igrowth rateusing a
generalizedinear mixed effects model (Proc Glimmix, SAS 9.3), as a function of when and
where the:fish settled: i.dunar quarte(fixed effect),lunar month (fixed effect), and reef
(random effedt As above, wevaluated an interaction term (between lunar quarter and lunar

month); this was not significant, so we excluded it from our final model.

Modelling developmental decisions

To evaluatehow plasticity inoffspringdevelopment might evolve in respg&to variation
in thetiming of spawning over the lunar cycle, we moeeéthe fitness payoff to larval sixbars
that (1)wereborn at particular times determined by the spawning decisions of parents and (2)
couldchoose when to settle. We assdnoentinuous and aperiodic spawning by parents and
allowedfor the possibility oplasticity inthe duration of the developmental perindarvae.Our
motivationwasto provide a simple representation of our systemi@address the question:
“what should a larva do?” with respect to settlement decisidhs.model is a thought
experimento explore whether, under extreme iteroparity, variation in the fitness consequences of
different settlement decisions dfg sufficient to drive the expression of developmental plasticity

and (2) consistent with observed patterns in settlement and settler size/age
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In our model, thditnesspayofffor a larva with a given birth date and pelagic larval
duration is represented by the probability of surviving through the larval stagepsthe
settlement stagevhich we represent as the product of two functidhe. first d(x), describeshe
effect of larval durationx) on the probability of survimg from birth to settlemenihe secongd
p(s) describes. the additional effecttbk lunar phasen the probability of survival, whegs)is
periodicon.the day of settlemerst, Thus, survivafrom birth to settlement for a larva with birth
dateb andrsettlement datas d(X)p(s), where pelagic larval durationxs= s - b.

Firstywe assume that larval surviv@la unimodal function of larval dation(e.g.,
Peterson and Wroblewski 1984), which initially increases with duration due positae
effects ofinereasindarval competencé.e., attainment of sufficient energetic reserves to settle
and metamorphose into the juvenile form), but then declines duenedhéve effects of staying
too long in the pelagic environment (Anderson 1988, Leggett and DeBlois 1994, Hare and
Cowen 1997)We capturethis general biological scenangsing the function:

_ ekx—c
d(x) =e % T 1)
wherex = age at settlement (= pelagic larval duratiordays) and, k, c are parameters that

specify the shape alx). For a,k,c>0 andk>a, the resulting functiod(x) is unimodd with a

maximumat x* == %(c —In (ﬁ)) Thus, the three parameters collectively determine the

optimal age at settlemerih our numerical solutions we set= 47k + In (ﬁ) such thax*=47

days, the approximate average age of sixbar sefffeaor 1986). Although Eq. 1 allows a
positive probability of survival for ang>0, the functiond(x) can be parameterizedabtain an
arbitrarily narrow range of possible ages at settlement d(x) approaches tor large deviations
from x* (Fig 4a<). The strength of selection against flexibility in age at settlement depends on
the slope.ofi(x)-aroundx*. If kis large(Fig 4a),d(x) is steefdor x<x*, representing rapid onset
of larval competence and low survivat larvae thasettlebefore the opthal age If ais large
(Fig 4c),d(x) falls off rapidlyfrom the peak, representing a severe survival penalty for delayed
settlement. If botla andk are small Fig 4b), d(x) is approximately symmetric, representing
similar survival'penalties for early afate settlement

Next, we assume that survival settlersdepends on thieinar phase during which
settlement occurs.nlparticularwe assume thatredation risk varies in proportion to lunar

illumination, which is greatest during a full moon. This predatisk primarily occurs as the
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settler traverses the reef crest, but the lunar effect may also include predation risk immediately

after settlementVe represent this as a sinusoiflahction with a period of 28 days:

p(s)=nh (cos (2—7; (s — L))) +m (2)
wheres =ssettlement date arpggs) has a mean ohwith atotal amplitudeof 2h (with h andm
specified such that @€s)<1). The phase is offset Hydays wherel determines thday of the
lunar cycle in which survival is maximaNe setL=24.5, undethe assumptiothatsurvival
peaks at the new moon, with the first quarter of the lunar cycle arbitrarily set to bsgfin at

These two equations capturew adultreproductive timing antarval developmeral
durationaffeet:theprobabilityof larval survval up to the possettlement stageThe challenge
for larvae then becomes one of timing settlement to coincide with the rightabeme (found
by equations2)ssubject to the constraint imposethbyarva'sirth date which will usually mean
that itwill besasuboptimal age when predation risk is mialmEach larva must therefore
balance the conflicts arising between timwmith respect tats age vs. time of settlemenive
therefore find the settlement dag®)(that maximize total survival for each birttate over a lunar
cycle p=1,2,...,28) Wefind s* numericallyby calculatingd(X)p(s) for all values of larval
duration.&)-up-te 100 dayssufficient for the parameter values used in Figarlj selecting the
optimum.We then find theredictedages oindividualsthatsettle on each day of the lunar cycle
under the"assumption that spawning is aperiodic and eaclskttles on th optiral day for a
given birtidate.We present numerical solutions for three sets of parameter valkéag) that
demonstrate possible outcomes of selection against deviation from the optimuen, strong
selection againgettling early Fig 4a), equal selection againxisitive and negative deviations
away from.the.optimumHig 4b), and strong selection against delayed settlerhrent€). R

code fornumerical solutionss provided in electronic supplementary material.

Results
Periodicity in Settlement
We recorded 103B8ewly settled sixbarsn 192 reefs over 11 lunar months (583 over 6
months in 2004, and 455 over 5 months in 20@8ttlement was unevenly distributed across
lunar quarters within lunar month#/ore than half of theettlergmean = 0.52; 95% CI = 0.38-
0.68)arrivedduring the new moon (i.e., significintnore than expected by chantiee 95% CI

does not include 0.2%ig 2a). The proportion of settlers arriving during the first quarter of the
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276 lunar cycle(0.20; 0.11-0.3Pwas similar tahe null expectatiorof 0.25. The proportions of fish
277 settling during the full moon (0.15; 0.07-0.23) and last quarter of the lunar cycle (0.12; 0.06-0.18)
278 were both significantly lower than expected by chakog Za).

279

280 Sizeat-settlement

281 Size(standard length)f settlersobserved in 200&lso variecamong lunar quarters &3
282 =3.44,p=0:0172). Sixbars that settled during the last guavere approximately 10% larger
283 than fish thatsettled during other quarters of the lunar clra2p). Sizeatsettlement did not
284  vary significantly among blocks (i.e., lunar monthgzf= 0.60,p = 0.67).

285

286  Survivaland‘growthafter settlement

287 Postsettlement survival of sixbargas dependent upon lunar quarter of settlement (Type
288 lll analysis of effectsdf = 3, Wald Chi-square= 8.93,p = 0.03). Fish that settled during the first
289 quarter(meansurvival time = 56.3 d) or during the full mo¢mean survival time = 58.7 d)

290 experiencedygreater mortaliyandid fish that settled during the last quartereansurvival time
291 =90.7 d) or during the new mooméan survival time = 79.3 drig 3). Survival of sixbaralso

292 varied acress lunar monthBype Il analysis of effectglf = 4, Wald Chi-square= 17.67,p =

293 0.0014) Meansurvival times generally declined across the settlement sedwugh man

294  survival time was patrticularly low for fish that settiedApril (meansurvival time forlunar

295 monthsof SettlementFeb = 137.8 d; Mar = 84.46 d; Apr = 48.63 d; May = 80.70 d; Jun = 79.28
296 d).

297 Becauséothsizeat-settlementnd survival ariedwith respect to lunar quarter of

298 settlement (Fig 213), we conducted a secondary analysistatistically decouple the effects of
299 size and lunar quarter @arvival: e.g., was the high survival of fish that settled during the last
300 quarter due tthe lunar phase or due to the larger size of these seti@is@analysis also

301 incorporated the effects of pestttlement lunar luminosity on survivalhe relationship

302 between possettlement survival and lunar quarter of settlement remained qualiyati

303 unchangedifrom our original analysis presented abbyee |1l analysis of effectgdf = 3, Wald

304 Chi-square= 10.04,p = 0.018), as did the effect of lunar month of settlement (Type IIl analysis
305 of effects,df = 4, Wald Chi-square= 90.30p < 0.0001). Controlling for these lungifects, size
306 atsettlement did not significantly affect pasttlement survival (Type Il analysis of effeal$,
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= 1,Wald Chi-square= 0.40,p = 0.53). Thus, this analysis suggests that variation in size did not
confound our interpretation of the effects of lunar quarter on survival. Interestingly, lunar
illumination was not a significant predictor of pastttliement survival (Type Il analysis of
effects,df = 1,Wald Chi-square= 2.67,p = 0.10). However, we note the non-significant trend
was for a2%.reduction in survival for every 10% increase in the fraction of moon illuminated
(corresponding/to a 20% reduction in survival during the full moon, relative to survival during
the newmoon):.

Postsettlement growth ratef sixbars did not vary as a function of the@ar quarter
(F3,240= 0.94,p = 0.42) or lunar montfF4240= 1.34,p = 0.26)of settlement. Fish that settled
during the first:quarter moon grew 0.14 mni*(@5% Cl: 0.13-0.16); fish that settled during the
full moon gréw<0.14 mmd™(0.12-0.16); fish that settled during the last quarter moon grew 0.14
mm - d*(0.12-0:15); and fish that settled during the new moon grew 0.13dfrf0.11-0.14).

Variation in gowth across lunar months was similarly invariant.

Modelling developmental decisions

The'combination of developmental plasticity and temporal variation in predeston r
results indifferences ithe age of settlers over the lunar cy¢ieg 4d{). Because*=47 days for
our parameterizatior, larva that settles wittigex>47 days has delayed settlement relativiiéo
age at whichd(x) is maximized and vice versa. For example Fig 4d,theindividual that settled
on lunarday 18 with agex=55 delayed settlement [8/days to avoid the peak of the full moon
(which occurred 47 days after the larva was born). The individual that settled on daya8evi
x=46 inFig4d.settled 1 day early to avoid the waxing moon (which peaked 48 days after the
larva was borh

The particular patteraf early vs. delayed settlemehfat is predicted depends on the
shape ofi(X)._The empirical resultée.g.,Fig 2) are consistent with the case in which larval
competencymposes a relatively shagonstrainton early settlement(g 4a,d).With a=0.1 and
k=1, the model'predictan asymmetric response, with larvae more severely delaying their
settlement'thamitiating settlement earlyn this case, thgreatest decrease in age at settlement
is 1 day, i.e., larvae born 51-59 days before a full nssatlewith agex=46 days. In contrast,
fish whose birth date would dictate that they settle after the full moon, buébefarmoon (i.e.,

born 36-47 days before a full moon) should delay settlemeas Inyuch as 8ays (an average of
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3.67 daysFig 4d). This avoidance of peak mortality under the full moon generates a schism in
settlemenpatterrs in which settlers that arrive during the last quarter tend tsbwauch a9
days oldethan settlershatarriveduring other quarters of the lunar cy@sf., Fig 2b). If fish
delay settlement by approximately 4 days, and assuming that larvae grow at apphpximeate
same rate as.small juveniles (i@14 mm - &) then we would expect an approximatelyrors
difference'in the size of settlers in the last quarter. This is approximately what we obB&yved (
2b).

If thereosts of early vs. delayed settlementraversed ig 4f) then the opposite pattern
is observegwith settlerages up to 8 days less tharand only slight delays in settlement for fish
that expecttossettle just after the full moon. On the other hand, if costs are more synkiigetric (
4e) then the‘magnitude of the delayed eslyesettlements are comparablegdang to the greatest
disparity in theagesof settlers (i.e., differing by as much as 18 dayd abouBmmdifference in
length).

Discussion

Iteroparity enables parents to fetdge when environmental conditions are uncertain
this means,that sonaéfspring will be disadvantaged. Developmental plasticity may enable
offspring_tesimprove their own odds of survival (and increase the fitness of their pheretsy
reducingone potential cogif adult iteroparity. Irrespectiveof developmental plasticity,
iteroparity forsixbar wrassenay be favored if there is strong selection for larvae to skitiag
particular conditions (i.edark nights), buparents are unable to predmdien these conditions
might occur(e«g.becaus dark nights may depend on stochastic cloud cover, 8ig)ilarly,
developmental plasticitin sixbars may be favoratipelagic larvae are unable to predict timing
of encounters with suitable habitat for settlemdrtius, either iteroparity or develogntal
plasticity on its own may constitugerisk avoidance strategyVhen considered together,
developmental plasticity of larvaeay reinforcean existing iteroparous strategy adults
because offspring can compensate for an inauspicious birthbete might otherwise select
against iteroparityand more generally variation in the timing of reproduction.

Sixbar wrasse settle in gteanumbers during the new moon, a pattern typical of many
reef fisheqe.g., Rankin and Sponaugle 2014, Dufour and Galzin 1993) which ssitjugtsew

moons mayepresenbetter times to settle (i.e., Pineda et al. 2006proved odds ofarval
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survival on dark nights (e.g., Acosta and Butler 1999ne mechanism thatmost certainly
contributes tdhis pattern.Settling sixbars must migraieto shallow watemandsurf over a
barrier reef cresonce inside the lagoon, they mdsift or swim another ~100-1000 m to locate
suitable reef habitge.g., Doherty et al. 2004)Ve have observed small piscivoeegively
feedingin these areasf sixbar migration on nights with bright moons (personal observations),
andwe suspecthatsurvival across this predator gauntlet is closely linked with lunar
illumination"Hence, perhaps the most obvious explanation for the lunar periodicity in settlement
is intense predation (i.e., settlers arrive at equal frequency over the lunar cycle but predators
eliminate most of the settlers that don't arrive on the new moon). However, thisdsip@lone
doesn't predictithe observed size differences in settlers over the lunawvitiola invoking a
more complexsmechanism (e.g., in which sseéective predation varies in a particular way
across the lunar cyclee., it cannot adequately account for our empirical observations).

At leasttwo other mechanism@ot mutually exclusivejnay contribute to the lunar
pattern of settlement that we have observed. First, periodic spawning bynaalydisve
variation instheshumber dérvae available to settiuringcertainportions of the lunar month
(e.g., Robertsen et al. 1988). Adult sixbars appear to spawn over all days of a lunar month, but
availableevidencérom anothetocation indicates that spawning activity greatesaround the
new moons«(Claydon et al. 2014dhis is consistent with Johannes’(1978) hypothesis predicting
that adults should spawn at times (and placesniramize egg predation. However, when
combined'withthe averagelevelopmental duration reported for sixbar larvae (Mictor 1989,
this suggestshat (all else being equal) lansgttlement should peddetweerthefull and last
quartermoong(iz€., lunar periodicity in spawning cannot explain our empirical observations).

A secondpotential mechanism that might contribute to the observed peak in sixbar
settlement around the new moon is a flexible developmental dufatitarvae Larvae may
have the capacity to settle early and/or delay their settlement (relative to a normative
developmentieduration, i.e.~47 d for sixbars, Victor 1986). If developmental duration is
flexible—andsfull moons arparticularlydangerous—then we would expect larval sixbars to
avoid settling durindull moons. Using size as a proxy for age, our observHiairsixbars settle
at a larger size just after the full moon is consistent withhiyp®thesis. (i.e., many of those fish
“should” have settled on the first quarter or the full moon). Though we cannot diretty tes

alternative hypothesis that growtltes of larvae vary across the lunar cycle (giving rise to fish
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that settle at the same age but different sjzbis) seems unlikely to & our estimates @iost-
settlement growthvere invariant across the lunar cycle (and larval growth is correlatiegost-
settement growth in this systerBhima et al. 2006). We note tlzatevaluation of otolith
microstructure (e.gShima and Swearer 2009a,b, Rankin and Sponauglg 2@14d enable us
to clearly differentiate between these alternatieesl thiss apriority for ourfuture work.

Sixbars that settled during waxing moofisrf first quarterto full moon; i.e., increasing
illumination)ysuffered substantially greater mortality relative to fish that settled during waning
moons fromrlast quarter tmew moon; i.e.decreasing illumination Waxing and waning moon
phases also differ in the timing of moonrise and moonset, with the consequencaxthgt w
phases will.tend to illuminate reefs after sunset and waning periods will tend to illuminate reefs
before sunriseWe speculate that the difference in survivorship between waxing and waning
periods may beattributable to prolonged activity by crepuscular predators, and/@isipdiars
may remain active later into the evening (increasing their vulnerability to predatbes),
illumination occurs at dusk (and this effect may be less important when reefs are illuminated
nearer tadawn)s” The steep decline in survivorship with time for waxing moon pBaggests
that ealy postsettlement mortalitynaybe shaped by the timing and intensity of nocturnal
illumination, and thisnayreinforce selection folexible developmental duratiotisat enable
fish to avoidsettling during particular phases of the moon.

For fish that settled during a new moon phase, we noted an anomateegiyecline in
survivorship at 41 d after settlement (Fig. 3), and this roughly corresponds to the fsgicon
moon periogexperiencd by settled fish(further suggesting that bright periods may be times of
heightenedirisk) We alsonoted that fish that settled during the last quarter of the lunar month
had the highest mean survival time (90.7 d, compared with 79.3 d for fish that settled auring th
new mooi). As a consequence of these observations, we hypothesizedtiaébnin post-
settlement survivatould be explained byariationin size-at-settlement and/or lunar
illumination._\Weevaluated these hypotheses vatinodified survival analysithat included
these additional covariates. i$mew analysis failed to support the hypothesis thatatize-
settlementiinfluencepostsettiemensurvival independent of lunguarter of settlement.
Additionally, we evaluateé competing model that substituted sasettlement for lunar quarter
and found that this had much less support based upon AIC, and the effectatfsgitkement

remained non-significant. Lunar illumination on the estimated death date was adso not
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431 significant predictor of survival, though the trend was for a reductiomruivaliwith increasing
432 illumination. As aur estimate of lunar illumination (i.@he fraction of the moon illuminated

433 doesn't take into account cloud cover or moonrise/moonset tinesgevhesitant to conclude

434 that nocturnal illumination, particularground dusk, is not an important determinant of variation
435 in survival. Additionally, we speculat¢hat the survival advantage accruingédtlers irthelast

436 quartermoon phasenay be a consequenced#nsitydependent mortalitgShima 1999, 2001,

437 Shima and"Osenberg 2003, Shima et al 2@@8)or priority effect§Geange and Stier 2009,

438 Geange 2010)Relative to fish settling during the new masintHat settled during the last

439 quarter ofithe lunar month were at lower densityaverageHig 2a), and precededllarge

440 number ofsettlers that arrivenh the following quarter (i.e., on the new moon). The general

441 decrease iIn“fmean survival times from January to June is also consistent with akpesitgtent

442  mortality and/orpriority effectsdocumented elsewhe(€hima 1999, 2001, Shima and Osenberg
443 2003, Shima et al 2008, Geange and Stier 2009, Geange 2916gfs were comparatively

444  empty at the start of the settlement season.

445 Ouranalyses did not detect variation in pesttiement growth rates with respect to lunar
446 periodicity.=This is somewhat surprising given (1) variation in settler densities across lunar
447 quarters(and an expectation for density-dependent growth rates; Booth 1995) and (8 variati
448 survival prebabilities as a function of lunar quarter (which suggest heightened rg waxing
449 moons; we might expect this to result in increased sheltering time and decreased foraging time
450 shortly after settlement, and hence decreased growtl).r&@ésourse, anothgrossibility is that
451 our approachrlacked tlability or precision to detect small differencesndividual growthrates
452  Future planne@tolith-based demographic reconstructions will enable a more powerful test of
453 these patterns.

454 Predictiors from our simple numerical simulatiomere consistent with empirical

455 observations of variatiom sizeatsettlement across the lunar cycle. Our numerical

456 representatioassumedwo interacting sources of mortality (an intrinsic mortality rate following
457 athresholdfieompetency, and an extrinsic mortality rate attributable to lunar illuminafibis
458 model predicts optimadarval strategies that vary with individual birthdatel &mnar cycle By

459 extension, iteroparity should be favor@d reinforced) as a reproductive strategy when larval
460 developmental duration is plastic. Given a probable developmental threshold (e.g., Anderson
461 1988, Leggett and DeBlois 1994, Hare and Cowen 1997), larvae shouldelttliagto avoid
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462 full moons resulting in variable settlement rates and size asymmetries across the lunérecycle
463 consistent with our empirical results). This variation in time and size at settlement will likely
464 have consguences for intraspecific interactions following settlement and may affect other

465 aspects of growth and reproduction in species.

466 The decisions about “when to settle” may haw¢herconsequences fdifetime fitness.

467 Many reeffish species have sociatlyntrolled sex determination (i.e., selxange capability

468 Warnerrand*Swearer 1991, Kazancioglu and Alonzo 2@dye of these species aésdibit

469 plasticity in‘maturation strategiéslunday et al 2006). For protogynous hermaphrodites

470 (including sixbars)fish typically mature first as females, with the most dominant fish becoming
471 a male thatnonepolizesnatings with subordinates to achieve a largeaase in fitness.

472 However, some individuals mature directly as small males and sneak matargalesnate

473 strategy Birthdates and subsequent developmental decision-making may determine order of
474  arrival, relative growth rates, and positions within dominance hierartt¢ can profoundly

475 affect future reproductive fitne¢sig 1b). Environmentabariation that may, in part, result from
476 birthdates and«developmental decisions, has been shown to alter thistéifgirajectories in

477 other fish (Taborsky 2006).

478 Our.results lead us to propose a conceptual framework in \il)ighasticity inlarval

479 developmerdl durationis anadaptive response to iteroparity, {is results in a wide range of

480 developmental historigge., ‘decisions’ of larvaen response tbirthdates issuely parenty

481 and (3) thesedevelopmental historiesontribute inportantly tovariability in future performance

482 (e.g., survivalrand reproductive potentfilg 1). We speculate thahe demographic

483 heterogeneity.that arises from variable developmental histuamsexploredconsequences for
484 population dynamics (e.g., Shima et al 2008, Noonburg et al 2015) that may, in turn, shape
485 evolutionary processes (Diekmann et al. 1999, Alonzo and Sinervo 2001, Lof et al. 2012,

486 Holman and Kokko 2013). For the sixbar wrasse, we hypothédsadynamic feedbacks (i.e.,

487 between deglopmental histories, demographic consequences, and future fitness (e.g., Coulson et
488 al 2006, Saecheri and Hanski 2006, Pelletier et al. 2009, Post and Palkovacs 2009, Hanski and
489 Mononen 2011, Schoener 2011, Cameron et al 2013, Smallengange and Coulson 2013 2013,
490 Johnson et al. 2014)payreinforce selectiofavoringextreme iteroparitpy increasing the

491 survival of offspring born at the “wrong” time. More generally, we speculaténteafictions

492 between parental reproductive stratedmsjal plasticity(and constraints on this), and the
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demographiconsequencdsat result from thiset of ‘developmental historiesiaydrive

feedbacks that ultimately reinforce different reproductive strategtegn and among species.
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Figure Legends
Figure 1. Iteroparity, developmental plasticity, and good/bad times to settle. Conceptual
framework: &) Daily spawning and a chagteristic developmental time means some individuals
will hit a favorablesettlement window (e.g., green traject@yvell-timed to hit a settlement
window corresponding to a new moon periodthéds will settle early (solid blue trajectory),
late (solidorange trajectory), or alter their development (dashed trajectories) to settle at a good
time. () Birthdates and/or developmental trajectories may affect subsequent survival (length of
lines), growth (curves), and maturation (e.g., pattern and timiagxodlifferentiationn a
protogynous hermaphrodjtewith fithess consequences. Fitness consequences resulting from
different develepmental trajectories may dravdynamic (i.e. ecevolutionary) feedback that

reinforces extreme iteroparity as a reprctoie strategy.

Figure 2. Variation in settlement of sixbar wrasse across the lunar cyajérgportion of
settlers (mean85%CI) arriving in each quarter of the lunar cycle (@Hunar months
surveyed in 2004 and 2005). Dashed line indicates null hypothesis of even (raetitament
across the.unar cycléo) Size (mearstandard length 95%CI) of settlersarriving in each

quarter of.the funar cycle (n = 5 lunar months surveyed in 2005).

Figure 3. Postsettlenent survival of sixbar wrasse that settled during different quarters of the
lunar cyclegs=Fish that settled during waxing mo@ran first quarter to full moon; i.e., times of
increasingillumination) had lower rates of survival than fish that settledgdwaning moons

(from last [quarter to new moon; i.e., times of decreasing illumination).

Figure4. a<) Survival to settlement(x), as a function of pelagic larval duration]n all three

cases¢ = 4kt In (ﬁ) such thak*=47 days. The functiod(x) is scaled by its maximum
value toomake the curves compardbleeach combinatioof a andk. This scaling
(multiplication'by a constant) has no effect on the optimum settlement tifje®pdimal
developmerdl durations for larvasixbars that settle across a lunar mog&ich point is the
optimal pelagic larval duratioior larvae that settle on a particular detehe lunar cycle

Multiple points on the same settlement date, indicate that fishes with different birth dates all
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676 choose to settle on that same daye absence of a point indicates thatlarvae are predicted to
677 settle on that daté\ges greatethan47 indicatethat larvaeshould delaysettlementelative tox*,
678 whereas smadr ages indicatehat larvae initiate@arlierthan expected settlement, to avoid the
679 full moon (i.e., the environmental suboptimum centered around day 1Q&)vé through the
680 predator gauntlet (solid lisg(s)) is superimposed to illustrate the lunar cyelh parameters
681 m=0.2 anch=0.1 (p(s) has been scaled to be visible in the plot).
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