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ABSTRACT: Sexual reproduction is fundamental to the maintenance and recovery of coral-
dominated communities in high-latitude and isolated locations, where replenishment often
depends on local reproductive activity rather than recruitment from distant reefs. Rapa Nui
(Easter Island) is one of the most remote islands in the Pacific, lying at the southern, subtropical
edge of the range of reef-building scleractinians. Here, we describe the sexual reproduction and
timing of the 2 dominant corals, Pocillopora verrucosa and Porites lobata. Reproductive activity
was inferred from the identification and staging of gametes via histological analyses of monthly
samples collected from December 2012 to May 2014 at 12 m depth at Motu Tautara (27°6.6'S,
109°25.5' W) with in situ temperature records. In P. verrucosa, the observed hermaphroditic activ-
ity spanned from December to January, resulting in mature oocytes of 117 pm mean diameter. In
P. Iobata, observed gonochoric activity spanned from December to March, resulting in mature
oocytes of 180 pm mean diameter. The observed initiation of gametogenic cycles coincided with
the onset of spring warming in both species. Inferred spawning of P. verrucosa followed a rela-
tively calm period of daily variance reduction in local in situ temperature and wind speed prior to
the peak in thermal conditions, whereas inferred spawning of P. Iobata coincided with peak
temperatures in one year but not the other. We suggest temporal restrictions of disruptive coastal
activities such as dredging during coral spawning periods and mitigation of land-based sources of
pollution and watershed discharge that may reduce water quality.
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INTRODUCTION

Reproductive pattern, timing and degree of spawn-
ing synchrony within and among scleractinian coral
species can vary widely among coral assemblages in
different regions (e.g. Wilson & Harrison 2003, Baird
et al. 2009, Harrison 2011, Glynn et al. 2017, Romero-
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Torres et al. 2017). Although early hypotheses sug-
gested consistently reduced sexual reproductive
activity, a restricted (seasonal) breeding season
and greater spawning synchrony at high-latitude
locations, recent analyses of contemporary geo-
graphically expanded datasets document generally
weak latitudinal trends and context-dependency
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(e.g. Wilson & Harrison 2003, Guest et al. 2005a,b,
Baird et al. 2009, Harrison 2011, Glynn et al. 2017).
Indeed, a broad spectrum of reproductive patterns
(e.g. from strongly seasonal to protracted spawning)
have been documented at both tropical low-latitude
and subtropical high-latitude locations (e.g. Wilson &
Harrison 2003, Guest et al. 2005b, Glynn et al. 2012,
2017). Even within a given region, diversity of repro-
ductive schedules among populations/reefs appears
common. For example, the relatively small, highly
dispersed coral populations of the Eastern Pacific
exhibit some disparate reproductive characteristics
suggestive of local adaptation, as well as reproduc-
tive schedules that vary among locations and years,
which seemingly reinforce reproductive isolation
(Glynn & Ault 2000, Glynn et al. 2017, Romero-Torres
et al. 2017). Since many species appear to use a
diverse array of proximate external cues such as tem-
perature, calm periods and lunar phase to time matu-
ration and spawning (Kojis & Quinn 1981, Fadlallah
1983, Jokiel et al. 1985, Harrison & Wallace 1990, van
Woesik 2010, Harrison 2011), local differences in
environmental regimes are often evoked to explain
spatial variation in temporal reproductive patterns
(e.g. van Woesik 2010, Romero-Torres et al. 2017).
Knowing the breeding phenology of corals at geo-
graphically remote locations is of particular interest
(Kruger & Schleyer 1998, Wilson & Harrison 2003,
Baird et al. 2009, 2015), not only because more iso-
lated populations are expected to offer a greater
chance of adapting to local environmental condi-
tions, but also because limited sources of population
replenishment are likely to make them more reliant
on self-recruitment for recovery after disturbance.
Thus, population persistence is likely more sensitive
to the timing and frequency of local reproduction
that indeed can determine dispersal, recruitment
levels and connectivity (e.g. Carson et al. 2010,
Kough & Paris 2015, Romero-Torres et al. 2017).
Moreover, reproductive phenology is sensitive to
climate change (e.g. Sydeman & Bograd 2009,
Moore et al. 2011, Richards 2012, Poloczanska et al.
2013, Philippart et al. 2014), which is projected to be
greater for high-latitude coral communities (Gui-
notte et al. 2003, Manzello et al. 2008, Doney et al.
2009, Kroeker et al. 2011). Thus, characterizing
local sexual reproductive patterns in isolated, sub-
tropical reef-building corals at the edge of geo-
graphic distributions provides an important bench-
mark for recognizing potential future shifts in
climate change-sensitive phenology and assessing
whether/when responsive shifts in reproductive
phenology present a match or mistiming between

cues used by adults to changes in the larval envi-
ronment (e.g. Philippart et al. 2003).

The marine fauna of Rapa Nui (Easter Island;
27°7'S, 109°22'W) is particularly isolated and dis-
tinct, with high endemism in some groups (e.g. mol-
lusks: 42%, fishes: 77 %; Friedlander et al. 2013).
Scleractinian coral and zooxanthellae assemblages
here, which are best developed along the northern
and western coast and extend below 60 m depth, are
at their austral limit (Hubbard & Garcia 2003, Glynn
et al. 2017). They share closest compositional affi-
nities with the Eastern Tropical Pacific, rather than
westward Polynesia (Glynn et al. 2007, 2017, Veron
et al. 2015), and the documented lack of gene flow
and restricted dispersal potential suggest that isola-
tion from the central Pacific is persistent, even under
variable El Nino—-Southern Oscillation and La Nina
conditions (e.g. Baums et al. 2012, Wood et al. 2014).
Oceanographic barriers to gene flow and isolation-
by-distance likely further explain the enhanced
genetic isolation of Rapa Nui populations, which
indeed are genetically distant even from those across
other regions of the Eastern Pacific (Forsman 2003,
Paz-Garcia et al. 2012, 2016, Lessios & Baums 2017).

While ongoing molecular genetic studies suggest
potential for re-classification of Pocillopora verrucosa
as a separate endemic species (D. A. Paz-Garcia &
E. A. Wieters unpubl. data), genetic distinction of
Porites lobata at Rapa Nui appears to be on scale with
intraspecies variation (Forsman et al. 2015). Given
that these 2 species (P. Iobata and P. verrucosa), of the
known 15 species for the island, are responsible for
the vast majority (approx. 95%) of total coral cover
(Glynn et al. 2003, 2017, Wieters et al. 2014), and that
both are highly genetically isolated, vulnerability and
resilience of these vibrant communities are likely
strongly reliant on self-recruitment of these popula-
tions. Indeed, recovery processes following a massive
bleaching-induced disturbance event in 2000 (Wel-
lington et al. 2001) were mostly driven by new re-
cruitment (Wieters et al. 2014, Riegl et al. 2015). To
date, nothing is known of the reproductive attributes
and schedules of Rapa Nui scleractinians. As for
many other subtropical, high-latitude coral communi-
ties, the Rapa Nui populations are exposed to a ther-
mally variable environment with relatively strong
seasonal changes (Glynn et al. 2003, Riegl et al. 2015,
E. A. Wieters unpubl. data), which is likely to impose
constraints on reproductive cycles. Likewise, frequent
exposure to moderately strong to severe winds gen-
erates typically rough seas that, together with Antarc-
tic swell, appear to at least partially impose limits on
coral abundance at Rapa Nui (see Hubbard & Garcia
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2003 for discussion), suggesting that calm periods
could provide an important selective advantage that
facilitates fertilization processes and/or local larval
retention (e.g. van Woesik 2010).

Here, as a first step in beginning to understand the
role of sexual reproduction in ecosystem function at
Rapa Nui, we assessed whether and when dominant
scleractinian corals are reproductively active; char-
acterizing the sexual system, the mode of reproduc-
tion and gamete development, as well as breeding
schedules and oocyte sizes of P. verrucosa and P.
lobata. Geographic variation in reproductive mode
and phenology have been documented in both spe-
cies. In contrast to P. Iobata, which may show no peri-
odicity in reproduction at low latitude, single, annual
gametogenic cycles have been documented for most
of colonies of P. verrucosa even at locations in the
Equatorial Eastern Pacific (Glynn et al. 1994, Cam-
pos-Vasquez 2014). Recognizing and taking into con-
sideration the local patterns of reproductive phenol-
ogy may help in the planning and mitigation of
coastal activities at Rapa Nui.

MATERIALS AND METHODS
Study site

Coral samples were collected from mid-depths
(12-15 m) at Motu Tautara (27°6.6'S, 109°25.5'W:
Fig. 1) on the northwest coast of Rapa Nui, which is
relatively more protected from severe waves gener-
ated by Antarctic ground swell originating from
southern seas and, according to satellite imagery,

presents slightly higher (0.1°C) mean sea surface
temperature and lower (0.002 mg m?®) chlorophyll a
levels than the other 2 coasts (Andrade et al. 2014).
Here, wind waves regularly create rough seas, and
heavy surf is generated by the passing of weather
fronts (Hubbard & Garcia 2003). Winds blow through-
out the year and are predominantly from east-south-
east, but the influence of strong easterlies on the
ocean surface can be felt even on the leeward north-
west coast as energy is refracted and diffracted
around the tips of the island. Unfortunately, local
nearshore circulation patterns around the island are
unknown, although surface circulation in the region
is generally east to west (Glynn et al. 2007), and the
island itself does modify the predominantly north-
western large-scale geostrophic flows (Moraga et al.
1999). Like most sites along the western and north-
ern coasts where coral communities are particularly
well developed, Tautara is characterized by overall
high coral cover (80 %), with Pocillopora verrucosa
and Porites lobata contributing similarly to total coral
abundance (see Wieters et al. 2014 for quantitative
description of temporal and geographic patterns in
functional structure and coral abundances around
the island).

Environmental conditions

To characterize the physical environment and shed
light on potential proximate cues by which corals
initiate gametogenesis and spawning, we examined
in situ temperature and wind data. A temperature
logger (TidBit®, Onset Computer) programmed to

record instantaneous temperature
every 10 min was deployed at ~12 m
depth at the study site. Wind data for
the sampling period were obtained

from the meteorological station of the
Mataveri International Airport, loca-
ted approximately 5 km from the
study site, which recorded wind
speed and direction at 20 min inter-
vals. Because rough seas and surface
disturbances along the northwest
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Fig. 1. Sampling site at Motu Tautara on the west coast of the island of Rapa
Nui (27°6.585'S, 109°25.446' W), which is located around 3000 km off the

coast of continental Chile

coast can result from moderate to
high winds blowing from most any di-
rection (see above), we analyzed
directionless wind speed as a conser-
vative estimate of calm periods that
could potentially influence timing of
gamete release. The daily mean, vari-
ance, maximum (as estimated by the
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95 % quantile) and rate of change were calculated for
each monthly period in which corals were sampled.
The relation between these abiotic conditions and
reproductive activity were graphically explored. In
addition, data on near-surface current velocity and
direction were obtained from drifter observations
(Laurindo et al. 2017). All statistics and graphics were
computed/drawn using R v.3.3.1 (R Core Team 2016)
and the package ggplot2 (Wickham 2010).

Reproductive biology, condition and gamete
development

To describe reproductive biology, condition and
gamete development, P. verrucosa and P. Ilobata
were sampled monthly on the full moon between
December 2012 and April 2014 at Motu Tautara.
Coral fragments (2-4 cm) were randomly collected
from 8-10 healthy, lesion-free colonies of similar size
(P. verrucosa: 20-30 cm; P. lobata: >50 cm diameter)
distributed across 2 rocky reefs at mid-depth (12—
15 m). Fragments were immediately preserved in
95 % alcohol.

Samples were decalcified in a 10% hydrochloric
acid filtered seawater solution buffered with 1%
EDTA. Longitudinal, circular and cross sections of
each decalcified coral tissue were passed through an
increasing ethanol concentration series, cleared in
xylene and finally embedded in Paraplast®-paraffin
media. Paraffin blocks were sectioned at 6 pm thick-
ness, and 3 different sections approximately 50 pm
apart were mounted on glass slides. Sections were
stained using Harris' hematoxylin and phloxine and
examined under 400x and 1000x augmentation using
an Olympus CX21 microscope.

Each colony was categorized according to gamete
presence, sex and presence of planula larvae. P. ver-
rucosa samples were scored for presence/absence of
gametes. Developmental Stages I-III and IV of
oocytes were discriminated, in which Stage IV usu-
ally exhibited a diameter above 100 pm, enhanced
accumulation of lipid droplets and a peripheral nuc-
leus position (Stoddart & Black 1985, Glynn et al.
1991, Kruger & Schleyer 1998, Permata et al. 2000).
For P. lobata, percentage composition of early
(Stages I-III) and late (Stage IV) development status
oocytes was inferred based on a diameter usually
>130 pm and additional visual features. Stage IV
oocytes were determined by displacement of the
nucleus towards the periphery of the cell and becom-
ing triangular or saddle-shaped as described by
Glynn et al. (1994). The developmental stage of sper-

maries could not be determined for either of the 2
species, since the ethanol fixation did not preserve
tissue sufficiently to reliably assess division stages
from spermatocysts to spermatozoa in most samples.

To further estimate temporal changes in oocyte
size, oocytes were photographed using Microimage
Camera 5.0 Megapixels model CO-05 and analyzed
using Micrometrics SE Premium v.2.8 software. Dia-
meters (pm) in vertical (Dy) and horizontal (Dy)
directions were determined for each of 30 randomly
selected oocytes of each colony sampled. Average
oocyte diameter (D,) was estimated as Dy = (Dy +
Dyy)/2.

RESULTS
Environmental conditions

A clear seasonal cycle was observed in seawater
temperature at the study site (Fig. 2A,B). In general,
austral winter to spring (June—November) tempera-
tures were relatively low and presented overall little
high-frequency (weekly, daily) variability. The onset
of rapid warming during late spring, with marked
peaks of high temperatures (25.5-26.0°C) in summer,
was accompanied by greater high-frequency (day-
to-day) variability, with clear differences observed
between years. Overall, the onset of spring warming
was earlier and peak summer temperatures were
higher and lasted longer in the summer of 2013 than
of 2014. In contrast, wind speed appeared non-
seasonal and overall similar across months through-
out the year, with large high-frequency (daily,
weekly) variability that presented a marked peak
in early austral spring (September—November,
Fig. 2C,D). Data from drifters revealed southeast-
bound surface currents to occur between January
and March, whereas southwestward currents pre-
vailed during the rest of the year (Fig. S1 in the
Supplement at www.int-res.com/articles/suppl/b027
p001_supp.pdf).

Initiation of gametogenesis of Pocillopora verru-
cosa coincided most notably with the onset of rapid
spring temperature rise. Spawning occurred after
high-frequency, synoptic-scale variability in temper-
ature and wind dropped so that conditions during the
month were more stable and calm as compared to
previous months (Fig. 2B,D; also see Fig. S2). The
onset of gametogenesis of Porites lobatain 2013/2014
similarly coincided with the rising spring tempera-
ture. P. Iobata spawning occurred ~2 mo after P. ver-
rucosa in both years, but coincidence with tempera-
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Fig. 2. Temperature and wind during the sampling period with reproductive periods of Pocillopora verrucosa (dark grey) and

Porites lobata (light grey). (A,B) Temperature and (C,D) wind speed means per day and variance per month. Onset of oogene-

sis coincided with rising spring temperatures and ended before or around the summer peak for P. verrucosa and P. lobata,
respectively. Predicted spawning times corresponded to periods of comparatively low and steady wind intensity

ture and wind conditions varied between years. In
2013, spawning month coincided with the peak in
average temperature and when the variance in tem-
perature and wind had sharply decreased, and simi-
lar, but weaker, coincidences were observed in 2014
when spawning occurred at least 1 mo after peak
temperature was observed (Fig. 2A-D). Overall, for
both species, timing of inferred spawning differed
between years, occurring a month later in 2014 than
in 2013.

Characterization of gametes and reproductive
modes

Gametes were identified in colonies of both P. ver-
rucosa and P. lobata, where either none or more than
half of the examined polyps in each colony were
observed to be reproductively active (presence of im-
mature or mature gametes) at any one time. Planulae
were never observed in histological sections, sug-
gesting that both species broadcast spawn gametes.

For P. verrucosa, gametes of both sexes were ob-
served within the same polyp (Fig. 3), and all repro-
ductively active colonies presented both oocytes and

spermaries. Oocytes were noted as round bodies,
tightly packed in mesenteries with a dark purple
stain. A bright pink nucleus was often visible in the
center and yolk particles as non-stained dots in the
periphery (Fig. 3A). Spermaries were identified as
aggregations of small, intensively stained particles of
roughly circular shape in cross-sections. In most
cases, a central cavity could be observed in longitudi-
nal sections opening towards the polyp surface and
an outwards increasing density of colored particles
(Fig. 3B). All gametes were located below the tenta-
cles and surface level in a circular formation in cross-
section perspective.

Colonies of P. Iobata exhibited either female or
male gametes (Fig. 4). Female colonies outnumbered
males with an average sex ratio of 2.6:1 (Table S1 in
the Supplement). Oocytes were irregularly shaped,
consisting of a patchy bright cell body with a darker
nucleus in a vaguely circular shape. In the periphery,
they exhibited an intensively stained layer of aggre-
gated zooxanthellae outside the oocytes (Fig. 4A,B).
Spermaries appeared as darkly stained dots in dense
masses with a conglomeration of bright pink fila-
ments in the center (Fig. 4C). Both spermaries and
oocytes were arranged in rows in mesenteries below
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Fig. 3. Histological samples of Pocillopora verrucosa show-
ing mesenteries containing oocytes and spermaries in the
same polyp. (A) Cross-section of a polyp (sample from De-
cember 2012). (B) Longitudinal section of a polyp illustrating
the position of gametes (sample from January 2014); gvc:
gastrovascular cavity, ms: mesentery, o: oocytes, n: nucleus,
y: yolk, cc: central cavities of spermaries, s: spermaries, z:
zooxanthellae, t: tentacles

tissue surface in longitudinal sections (Fig. 4B,C),
with decreasing gamete size towards the base, and
exhibited a roughly circular arrangement in cross-
sections (Fig. 4A).

Gametogenic schedules and oocyte size

Gametogenesis of both coral species was strongly
seasonal, with single, abrupt peaks in gonad inci-
dence occurring in austral summer (December to
March; Fig. 5). The rest of the year presented com-
plete absence of any gametes. In general, peaks in
reproductive activity of P. verrucosa preceded that of

Fig. 4. Histological samples of Porites lobata colonies pre-
senting either only oocytes or only spermaries. (A) Positions
of oocytes in a longitudinal section. (B) Corresponding lon-
gitudinal section (both from January 2014). (C) Cross-
section of a polyp with spermaries (sample from February
2014); gvc: gastrovascular cavity, ms: mesentery, o: oocyte,
04: Stage IV oocyte, n: nucleus, z: zooxanthellae, cc: central
cavities of spermaries, sp: spermatozoa, st: spermatozoa
tails, t: tentacles
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P. lobata by 2 mo each year, and the reproductive
season for both species was off-set by at least 1 mo
between one year to the next, occurring later in 2014.
While developmentally advanced oocytes were pres-
ent throughout the breeding season in P. verrucosa,
P. lobata colonies exhibited a marked trend of matu-
ration towards the end of a season.

The length of the breeding season was more ab-
breviated for P. verrucosa than P. lobata. P. verrucosa
presented recognizable gametes in December 2012
and from December 2013 to January 2014. Since the
time series only began in December 2012, we were
unable to confidently estimate the initiation and du-
ration of gametogenesis this year. P. lobata gametes
were identified during 2 successive months in sum-
mer 2012-2013 and 4 mo in summer 2013-2014,
when a more gradual increase in the proportion of re-
productively active colonies was observed (Fig. 5B).

P. verrucosa presented generally small average ova
that decreased in consecutive months in 2013-2014,
which was largely explained by greater among-
colony variability in December 2013 when 2 colonies
presented much larger (mean + SD, 107.8 + 27.6 pm,

Stage IV) oocytes. The majority of clearly distin-
guishable oocytes was in Stage III (50.2 + 7.1 pm),
with abundant lipid droplets in the ova periphery
(Fig. 3). Overall, P. lobata presented generally larger
mature oocytes than P. verrucosa (Fig. 5A), with max-
imum observed diameters of 260.6 and 158.0 pm,
respectively. Temporal progression in the propor-
tional increase of mature (Stage IV) oocytes concur-
rently with mean ova size within a breeding season
was clearly observed in P. lobata, but not P. verrucosa
(Fig. 5B). Stage IV oocytes of P. lobata (180.4 =+
30.5 pm) were dominant during the final month of the
reproductive season when immature stages (86.9 +
28.4 ym) were almost absent. For P. lobata, size pro-
gression was more gradual, and larger oocytes were
attained in 2014 than 2013 (Fig. 5B).

The general timing (month) of gamete release was
inferred by the abrupt (from one month to another)
absence of gametes subsequent to the documented
presence of mature gametes. Spawning in situ was
not observed due to logistical difficulties limiting
sampling effort. Because predominantly mature oo-
cytes were observed in the month prior to gamete
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absence in P. lobata, spawning month appeared syn-
chronous among colonies and occurred in later Feb-
ruary or March in 2013 and 2014, respectively. P. ver-
rucosa, on the other hand, completed the release of
gametes about 2 mo earlier, likely in late December
to early January in 2013 and late January to early
February in 2014 (Fig. 5B).

DISCUSSION

Despite marginal location and extreme geographic
isolation, dominant corals at Rapa Nui are sexually
reproductive and, similar to most conspecifics else-
where, are broadcast spawners. Pocillopora verru-
cosa was identified as a simultaneous hermaphro-
dite, whereas Porites lobata was gonochoric with sex
ratios dominated by females. Reproduction was
strongly seasonal, with a reproductive peak activity
in early (P. verrucosa) or mid- to late (P. lobata) aus-
tral summer. Gametogenic cycles were overall be-
tween 2 and 4 mo, with P. verrucosa showing a more
abbreviated breeding season. The observed initia-
tion of gametogenic cycles coincides with the onset
of spring warming in both species. Inferred spawning
of P. verrucosa followed a calmer period of daily vari-
ance reduction in temperature and wind speed prior
to the peak in thermal conditions, whereas inferred
spawning of P. lobata coincided with peak tempera-
tures in one year but not the other.

While sexuality among scleractinians is highly con-
served, the mode of larval development is relatively
malleable in corals (Baird et al. 2009, Kerr et al. 2011).
The observed patterns for each species at Rapa Nui
are generally similar to those described for other loca-
tions in the Pacific. The mixed distribution of male
and female gametes in single polyps confirms that P.
verrucosa at Rapa Nui are simultaneous hermaphro-
dites, as is common for Pocilloporidae (Babcock et al.
1986, Baird et al. 2009). This reproductive mode is
particularly favorable in small populations, as it en-
sures the presence of gametes of both sexes (Rich-
mond 1997). Oocyte size features are very similar to
other populations of P. verrucosa previously examined
in diverse regions (Kojis & Quinn 1981, Harriott 1983,
Babcock et al. 1986, Richmond & Hunter 1990, Glynn
et al. 1991). The absence of fully matured oocytes in
most colonies (cessation at Stage IlII) is similar to else-
where and may be explained by rapid maturation in
the last days or weeks before spawning. Such rapid
maturation occurred at new moon for P. verrucosa in
South Africa (Kruger & Schleyer 1998), whereas sam-
ples in our study were collected at full moon, which

could explain why Stage IV oocytes were largely ab-
sent. However, Great Barrier Reef P. verrucosa, and
also P. lobata, are reported to spawn several days after
full moon (Babcock et al. 1986, Schmidt-Roach et al.
2012). Our sampling frequency does not provide suffi-
cient information to determine the timing of spawning
in the lunar cycle of Rapa Nui corals.

In contrast, P. lobata colonies exhibited either oo-
cytes or spermaries, suggesting a gonochoric popula-
tion as reported previously from numerous other
locations (Richmond & Hunter 1990, Neves 2000,
Baird et al. 2009). Sex ratio in the analyzed samples
was skewed towards female colonies. Dominance of
a particular sex likely varies across space, e.g. due to
asexual reproduction via fragmentation, and de-
pends on disturbance history (Glynn et al. 2017), but
whether sex ratios in this work represent natural dis-
tribution or an artifact of small sample size should be
assessed by more extensive sampling for a reliable
conclusion. Since no planulae were observed in our
histological analyses, we confirmed that both species
at Rapa Nui are broadcast spawners.

In high-latitude locations, P. verrucosa populations
possess relatively short breeding seasons of about
4 mo, which are restricted to spring and summer (Red
Sea: Fadlallah 1983; Maldives Islands: Sier & Olive
1994; South Africa: Kruger & Schleyer 1998). The
duration of gametogenic cycles at Rapa Nui is far
shorter, with reproductive activity restricted to about
2 mo. Faster development of gametes may be attrib-
uted to strongly seasonal environmental conditions
experienced at Rapa Nui, where winter temperatures
are frequently below 18°C and the duration of
seasonal, rapidly rising temperatures is restricted to
2-4 mo. Records of P. verrucosa gametogenesis
length range from 2-3 up to 6 mo (Fadlallah 1983,
Shlesinger & Loya 1985, Kruger & Schleyer 1998,
Campos-Vasquez 2014). Thermal constraints have
been invoked to explain short oogenic cycles at other
high-latitude locations with similar thermal condi-
tions (e.g. Lord Howe Island; Permata et al. 2000,
Baird et al. 2015, Riegl et al. 2015).

Seasonal reproductive patterns for P. lobata match
other populations with strong trends towards the
summer months (Kojis & Quinn 1981, Harriott 1983,
Babcock et al. 1986, Richmond & Hunter 1990, Glynn
et al. 1994) and a reproductive season of 3 to 4 mo
with a rapid development in the last 2 wk before
spawning (Stoddart et al. 2012). Late-stage oocytes
were similar in size in both years and matched obser-
vations of oocyte sizes in other populations in as well
(Glynn et al. 1994, Stoddart et al. 2012). In contrast to
other eastern Pacific populations, no zooxanthellae
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were observed inside oocytes at Rapa Nui. Since zoo-
xanthellae transfer to oocytes is reported to occur
weeks, days or even hours before spawning, the lack
of evidence for vertical transmission may be an arti-
fact of our monthly sampling and thus requires more
frequent efforts to resolve with confidence.

The considerable differences in oocyte size among
colonies of P. verrucosa sampled on the same day,
particularly in December 2013, suggests rapid matu-
ration and potential for several spawning dates and a
lower degree of synchrony for this species. However,
whether such a pattern reflects individual colony
behavior or that of different colonies spawning at dif-
ferent times requires further study that includes
monitoring of tagged colonies. Spawning of herma-
phroditic species may be under less pressure for syn-
chrony, as ova and sperm are provided simultane-
ously. P. Iobata, in contrast, presented gradually
increasing reproductive activity throughout the
breeding season, with clearer and more synchronous
(among-colony) progression towards maturity. How-
ever, high-frequency sampling would be required to
truly assess among-colony spawning synchrony.

Sampling likely began too late in 2012 to confi-
dently capture the earliest data of gamete presence,
and thus we restrict our estimate to the following
year's breeding season. Initiation of gametogenesis
coincided with water temperature rise in spring 2013
for both species. The end of breeding seasons, when
all colonies appeared to have spawned, consistently
occurred after 1 mo of reduced daily variance in tem-
perature and wind speed, prior to the peak in ther-
mal conditions. Both may be of importance for suc-
cessful fertilization and settlement, as spawned
gametes may be dispersed and drifted away from
suitable terrain when conditions are unsteady (van
Woesik 2010, Baird et al. 2015). In addition, high
environmental variability may simultaneously lessen
the survival rates of sensitive planktonic larvae (e.g.
Doropoulos et al. 2015).

The time shift in reproductive timing from one year
to another might be causally linked to the delay
of temperature rise in spring, as the temperature
started to increase around the end of November dur-
ing the first season and around mid-December in the
second season. Temperature has previously been
identified as a controlling mechanism for gameto-
genesis (Babcock et al. 1986, Glynn et al. 1991), and
later onset of spring temperature rise may retard
spawning (Wilson & Harrison 2003). Such year-to-
year changes in reproductive timing may be crucial
to larval development and/or local recruitment suc-
cess and could reflect either augmented risk if differ-

entially matched with favorable oceanographic con-
ditions that determine propagule supply and local
connectivity or, alternatively, indicate that corals are
well-adapted to changing conditions such that they
are consistently matched to suitable environmental
conditions. Which one of these applies depends on
the mechanism driving phenology, but patterns here
suggest that P. verrucosa presented more consistent
matching with similar temperature conditions be-
tween years. This topic is open for future studies.

The strongly seasonal and particularly abbreviated
duration of sexual reproduction of corals at Rapa Nui
facilitates its consideration in local management
plans of coastal activities (e.g. dredging, release of
waste, etc.), which could be temporally restricted to
enhance coral reproductive success. This seems par-
ticularly critical for Rapa Nui, given that populations
of both ecologically dominant species are known to
be strongly genetically isolated (e.g. Forsman 2003,
Paz-Garcia et al. 2012) and thus no external input of
larvae can compensate for local reproductive fail-
ures. Dominant currents in a southeastern direction
during spawning periods might lead to high degrees
of pelagic larval retention along the western and
northern coasts and possibly explain the absence of
coral communities on the southeastern coast. Selec-
tive processes, which have been reported from other
locations, may, therefore, be particularly critical at
Rapa Nuj, including the apparent greater importance
of days to weeks of consistent environmental condi-
tions. Thus, we hope the information presented here
can contribute to building ecological literacy for deci-
sions supported by the native Rapa Nui population
along with governmental and non-governmental
agencies, which are currently debating about com-
munity-driven conservation and management plans
for the island. Our results offer an important bench-
mark for understanding and recognizing future
changes in phenology and begin to place them in
light of existing year-to-year variability.
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