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ABSTRACT: Scleractinian coral populations are in global decline, and successful recruitment is
fundamental to community persistence and recovery, but recruitment may vary by coral repro-
ductive mode. Using settlement tiles, we assessed coral recruitment over 3 consecutive years
across 4 regions (~300 km) of the Florida Reef Tract (FRT) to determine whether spatio-temporal
variation differs between brooding and broadcast spawning corals and whether coral recruit dis-
tributions correlate with adult coral live tissue area, site temperature, or depth. We deployed 32
tiles to each of 30 sites with depths ranging from 2 to 18 m; tiles were retrieved and replaced annu-
ally. From 2016-2018, we counted 11 633 scleractinian coral recruits, most of which belonged to
the Siderastreidae, Agariciidae, Poritidae, and Faviidae families. Faviid recruits were rare (<1 %).
While recruitment of brooding agariciids and poritids was relatively stable across the 3 yr, recruit-
ment of broadcast spawning siderastreids increased an unprecedented 70.7-fold from 2017 to
2018, in a boom that spanned 19 sites across the FRT. Elevated temperature during the preceding
reproductive season was a significant predictor of low recruitment for all groups except sideras-
treids and faviids, and recruitment of brooding taxa was positively linked to adult confamilial live
tissue area. For siderastreids, adult live tissue area was also related to recruitment, but the direc-
tion of the relationship differed by year and region. The unprecedented high recruitment of
siderastreids in Florida, preceded by 2 yr of comparatively low recruitment, demonstrates that
broadcast-spawning scleractinians are among the marine taxa capable of employing boom-and-
bust recruitment cycles over geographically widespread areas.
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1. INTRODUCTION

The importance of recruitment in maintaining pop-
ulations has long been recognized for marine organ-
isms exhibiting a bipartite life cycle of pelagic larvae
and sessile adults. Retention and export are important
structuring forces in open marine assemblages, but
the scales over which these processes act vary by spe-
cies, space, and time (Caley et al. 1996, Cowen et al.
2003, Holstein et al. 2014). While some marine inver-
tebrate taxa can maintain locally stable recruitment
year after year (Navarrete et al. 2002), others, such as
scallops (Beukers-Stewart et al. 2003, Wolff et al.
2007) and the crown-of-thorns sea star Acanthaster
planci (Uthicke et al. 2009, Wolfe et al. 2015), exhibit
boom-and-bust patterns of recruit availability. High
interannual variability in recruitment can confound
predictions of stock fluctuation for commercially im-
portant species (Wolff et al. 2007) and can complicate
efforts to conserve species with populations in local or
global decline, including scleractinian corals (Hoegh-
Guldberg et al. 2018, Guan et al. 2020).

The scleractinian coral populations of the western
Atlantic and Caribbean have suffered unprece-
dented mortality from regional stressors such as
overfishing, hurricane damage, disease outbreaks,
and loss of grazers (Gardner et al. 2003, Alvarez-Filip
et al. 2009, 2022, Jackson et al. 2014) that are further
compounded by global stressors such as ocean
warming (Bove et al. 2020). The dominant coral
assemblages have shifted away from large, frame-
work-building species to generally smaller, stress-
tolerant species (Aronson et al. 2002, Green et al.
2008). The loss of these corals has been exacerbated
in recent years by stony coral tissue loss disease
(SCTLD), which emerged in 2014 near Miami,
Florida (Precht et al. 2016, Walton et al. 2018).
SCTLD has caused mass mortality of framework-
building species including Orbicella spp., Montas-
traea cavernosa, Colpophyllia natans, and Pseudo-
diploria strigosa throughout the Florida Reef Tract
(FRT) (Muller et al. 2020) and the wider Caribbean
(Alvarez-Filip et al. 2022). Understanding the intrin-
sic and extrinsic factors driving temporal and spatial
patterns in coral recruitment will help determine if
recruitment can outpace mortality and ultimately
lead to population recovery.

Where scleractinian recruitment has been quanti-
fied in the Caribbean, recruit distribution has been
shown to vary across species and may be intrinsi-
cally linked to reproductive mode. Recruits of the
mountainous Orbicella spp. have been rare (Bak &
Engel 1979, Rogers et al. 1984, Smith 1992), and for

decades or longer, Caribbean Acropora spp. popu-
lations have primarily reproduced through asexual
fragmentation (Highsmith 1982). These framework-
building genera are broadcast spawners, which
release positively buoyant gametes into the water
column for external fertilization (Szmant 1986)
during synchronized spawning events 1 or 2 times
per year (Jordan 2018). By contrast, brooding corals
fertilize internally, with maternal polyps releasing
competent or nearly competent planulae (Duerden
1902), often during multiple lunar cycles each year
(Szmant 1986). The 2 Caribbean species that have
shown high rates of recruitment are both relatively
small and weedy brooders: Agaricia agaricites,
which can planulate 6 times per year (van Moorsel
1983) and often dominates recruit cohorts in the
Caribbean basin (Bak & Engel 1979, Rogers et al.
1984, Humanes & Bastidas 2015), and Porites astreo-
ides, which can planulate 3-4 times per year
(McGuire 1998) and can also dominate recruit co-
horts in the western Atlantic (Rubin et al. 2008) and
Bermuda (Smith 1992). A shift in community domi-
nance from broadcast spawning to brooding species
is significant because adult live cover is a possible
predictor of recruitment rates (Bramanti & Edmunds
2016), although the relationship may be more pre-
dictable for sites and species with high local reten-
tion, and thus a closer link between stock and
recruitment (Chiappone & Sullivan 1996, Ayre &
Hughes 2000, Figueiredo et al. 2014).

Extrinsic factors of latitude (Hughes et al. 2002,
Price et al. 2019) and depth (Rogers et al. 1984,
Turner et al. 2018) are predictors of recruitment vari-
ation across spatial gradients but are likely con-
founded by temperature and light availability. These
factors influence larval behavior during substratum
selection and the ability of those recruits to survive
(Ritson-Williams et al. 2009, Gleason & Hofmann
2011). Recruitment is often highest at intermediate
depths: within one study that examined recruitment
across a depth range of 3-40 m in the Indian Ocean,
the highest recruitment rates were found at 25 m
(Turner et al. 2018), and a study in St. Croix that
investigated a depth gradient of 9-37 m found peak
recruitment densities at 18 m (Rogers et al. 1984).
However, the narrow depth range included in most
studies of coral recruitment hinders our ability to
interpret the effects of depth variation on settlement.
Even broad spatial patterns are dynamic across time:
a meta-analysis of 98 coral recruitment studies found
that while recruitment was generally higher near the
equator from the 1970s to 2000, recruitment in the
tropics (0-20°N and S) has since been declining
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while recruitment in the subtropics (20-40° N and S)
has been increasing (Price et al. 2019).

While closely linked with spatial gradients of lati-
tude and depth, temperature also fluctuates over sea-
sonal and interannual time scales (Edmunds 2021).
On the supply side, thermal anomalies can con-
tribute to widespread coral bleaching and mortality
(Welle et al. 2017, Burkepile et al. 2020), reducing
adult population density or reproductive output of
surviving temperature-stressed corals; decreased
oocyte size from temperature stress has been
observed for more than 1 yr following a bleaching
event (Johnston et al. 2020). Elevated temperatures
have also been shown to cause reduced fertilization
success, larval survival, and settlement (Humanes et
al. 2016) through mechanisms such as oxidative
stress and synergistic interactions with other stres-
sors (Ritson-Williams et al. 2016). Warming oceans
can also accelerate larval development, potentially
decreasing dispersal distances and resulting in high
local retention of recruits, even for broadcast spawn-
ing species (Figueiredo et al. 2014). Because Carib-
bean brooders typically start planulating in the
spring and broadcast spawners typically spawn in
late summer (Szmant 1986, Jordan 2018), their larvae
are subject to different environmental conditions.
Larvae of broadcast spawning corals are likely sub-
jected more to elevated temperatures, which in the
Caribbean peak around many species’ spawning
events between July and September (Jordan 2018).

Live coral cover (measured in 2 dimensions, as
derived from top-down imagery) or live tissue area
(measured in 3 dimensions) are other variable extrin-
sic factors that could predict coral recruitment
through one or more of several mechanisms. Conspe-
cific corals could be a positive indicator of potential
stock, although brooding corals are more likely to
retain larvae locally (Chiappone & Sullivan 1996,
Ayre & Hughes 2000, Figueiredo et al. 2014). Con-
specific corals also serve as a positive indicator of
past recruitment success and benevolent environ-
mental conditions (Salinas-de-Leén et al. 2013).
Cover or live tissue area of conspecifics, or of the
scleractinian community in general, could serve as
an arbiter of chemical, structural, or auditory cues
that could positively influence recruitment by attract-
ing coral larvae to a more coral-dominated reefscape
(Vermeij et al. 2010); coral tissue can also suppress
macroalgal proliferation via spatial competition (Fer-
rari et al. 2012). However, live coral cover could also
depress recruitment success by limiting substratum
availability or through the chemical defenses of adult
coral colonies (Marhaver et al. 2013).

Our understanding of coral recruitment in the
western Atlantic has been impeded by a lack of stud-
ies conducted at sufficient scales to capture the gra-
dients of extrinsic spatio-temporal variables (e.g.
region, depth, live coral cover, temperature). Instead,
most western Atlantic and Caribbean coral recruit-
ment studies have been limited to single islands, tak-
ing place over small (<10 km) spatial scales (Arnold
et al. 2010, Green & Edmunds 2011, Arnold & Ste-
neck 2011, Edmunds et al. 2014). Because successful
coral recruitment is fundamental to the resilience
and recovery of declining framework-building coral
populations, quantifying recruitment over ecologi-
cally relevant space and time scales is a necessary
component of management and restoration plans
(Maynard et al. 2015, Hein et al. 2020).

We assessed variability in coral recruitment over 3
consecutive years across approximately 300 km of
the FRT, including 30 reef sites within 4 regions.
Specifically, we examined the following hypotheses:
(1) temporal and spatial variation in recruitment rates
for corals of the western Atlantic and Caribbean is
intrinsically linked to reproductive mode, and (2)
temporal and spatial variation in recruitment rates is
altered by extrinsic factors that differ in their magni-
tude and predictability. We predicted that across the
FRT, (1a) brooders recruit to tiles at higher densities
than broadcast spawners, consistent with records
from throughout the western Atlantic (Bak & Engel
1979, Rogers et al. 1984, Smith 1992, Arnold & Ste-
neck 2011, Humanes & Bastidas 2015); (1b) the pat-
terns of recruitment observed over time are consis-
tent between regions and across depth gradients for
both brooders and broadcast spawners; (2a) recruit-
ment rates correlate positively with live tissue area of
confamilial adults for both brooders and broadcast
spawners; and (2b) recruitment rates are inversely
correlated with abnormally high water temperatures
that occur during the months when most scleractini-
ans reproduce. We investigated these hypotheses in
what amounts to the most spatially expansive multi-
year assessment of coral recruitment yet conducted
in the western Atlantic.

2. MATERIALS AND METHODS
2.1. Study sites and habitat characteristics
We selected 30 study sites across the FRT from
those within the Coral Reef Evaluation and Moni-

toring Project (CREMP; FWRI 2022a) and the
Southeast Florida Coral Reef Evaluation and Moni-
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toring Project (SECREMP; FWRI 2022b), which
monitor reefs in the Florida Keys and Southeast
Florida (respectively) annually to assess benthic
percent cover and coral demographics (Table S1 in
the Supplement at www.int-res.com/articles/suppl/
m721p039_supp.pdf). Because not all (SE)CREMP
surveys (coral and octocoral demographic surveys
and benthic percent cover) are conducted across
all sites, the subset of (SE)CREMP sites chosen for
this project was selected to align with the sites at
which all (SE)CREMP surveys are conducted and
for even allocation across habitats and regions.
Our selected sites ranged from Broward County in
the northeast (26.1599° N, 80.0825° W) to Key West
in the southwest (24.4517°N, 81.8798°W) and
were regionally stratified by Southeast Florida (n =
12), Upper Keys (n = 6), Middle Keys (n = 6), and
Lower Keys (n = 6). Within Southeast Florida, 3
sites each were in 4 habitats: nearshore ridge com-
plex, and inner, middle, and outer terraces. Within
the Florida Keys, 6 sites each were in mid-channel
patch reef, shallow forereef, and deep forereef
habitats. The distance between nearest neighbor-
ing sites ranged from ~0.2 to 10 km.

By selecting CREMP and SECREMP sites for the
investigation of coral recruitment, we were able to
reference the adult scleractinian live tissue area and
temperature data from those programs as potential
factors that may influence recruitment rates. For both
programs, corals are surveyed once per year, gener-
ally between May and September, along four ~20 m
long permanent transects per site. In SECREMP
prior to 2018, all scleractinian coral colonies >2 cm
in diameter falling within a 1 m wide belt along the
entire ~20 m transect were identified, measured
(maximum width and height), and assessed for per-
cent mortality (Walton et al. 2018). In CREMP prior
to 2018, only the first 10 m of each transect was sur-
veyed for corals 24 cm in diameter because of
higher coral abundances in the Florida Keys relative
to Southeast Florida. After 2018, both CREMP and
SECREMP included a search for all juvenile corals
<4 cm in diameter along 10 and 20 m transects, re-
spectively. From the demographic data, the coral
live tissue area per site was calculated as described
in Walton et al. (2018). Because transects in South-
east Florida were 20 x 1 m (vs. 10 x 1 m in all Keys
regions), live tissue area for Southeast Florida sites
was divided by 2 to normalize transect area. To
track changes in bottom temperature through time,
1-2 HOBO ProV2 temperature loggers were at-
tached to the transect marker stakes at each site
and replaced annually.

2.2. Tile deployment and recruit identification

To quantify coral recruitment, in 2015, 2016, and
2017, we deployed terracotta tiles (15 x 15 x 1 cm) for
year-long saturations as described in Harper et al.
(2021). In brief, because tiles were grooved on one
surface and flat on the other, we deployed tiles as
pairs, with the grooved surfaces facing outward to
provide consistent rugosity for settlement on both the
top and bottom. In 2015, from February to April, 32
tile pairs were deployed per site, attached directly to
the substrata with drywall anchors, haphazardly
arranged along 4 transects per site. These tile pairs
were retrieved after about 1 yr, and subsequent
deployments in 2016 and 2017 to the same locations
and retrievals in 2017 and 2018 occurred for similar
durations. Over the 3 yr study, 2880 tile pairs were
deployed and 2778 pairs (96%) were recovered
(Harper et al. 2021); most of the unrecovered tiles
were displaced due to Hurricane Irma striking the
Keys in 2017.

After retrieval from the reef, tile pairs were sub-
merged in 10% sodium hypochlorite solution for
24-48 h to remove live tissue, then dried. Each tile
was then scanned on the grooved surface (top or bot-
tom when in the tile pair) and on the sides to locate
scleractinian recruit skeletons (Harper et al. 2021).
Recruit skeletons were identified to the family level
using diagnostic morphological characteristics for
scleractinian coral recruits (Budd et al. 2001, Budd &
Stolarski 2011, Humblet et al. 2015). Although the
taxonomic classifications of several species have
since changed (Huang et al. 2011, Budd et al. 2012),
recruit assignment to the family Faviidae here was
based upon the species classified as 'Atlantic faviids’
by Budd & Stolarski (2011). As a result, Faviidae
recruits herein could be members of the current
genera Cladocora, Colpophyllia, Diploria, Favia,
Manicina, Montastraea, Orbicella, Pseudodiploria,
and Solenastrea.

2.3. Statistical methods

While many recruits were unidentifiable to the
family level each year, nearly all (99.9 %) of the iden-
tified recruits were in the families Agariciidae, Poriti-
dae, Faviidae, and Siderastreidae (see Section 3).
Thus, statistical tests for patterns of recruitment
include assessments of total scleractinian recruit-
ment (all recruits, identified and unidentified) and of
the 4 major families. Because some tiles were lost,
resulting in differences in settlement area per site,
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we included tile area as an offset variable in statisti-
cal tests.

To determine whether more brooders or broadcast
spawners recruited to the FRT each year (Prediction
la), we fit a generalized linear model (GLM) with a
negative binomial distribution for each year within
each region, regressing recruit count as the response
variable against taxonomic family as a fixed factor,
grouped as ‘primarily brooders' (Poritidae and Agari-
ciidae) and ‘primarily broadcast spawners' (Side-
rastreidae and Faviiae). We evaluated the signifi-
cance of differences between taxa with a Type II
ANOVA using the R package ‘car’ (Fox & Weisberg
2019) and used the R package ‘emmeans’ (Lenth et
al. 2023) to investigate pairwise contrasts using esti-
mated marginal means among taxa within each year
and region.

To test whether patterns of recruitment are con-
sistent across space and time for brooders and
broadcast spawners across the FRT (Prediction 1b),
we tested for differences in recruitment (total, the 4
major families, and unidentified recruits) between
all combinations of region and year by regressing
year, region, and their interaction against recruit
count by tile (offset by tile area) using a negative
binomial GLM. We evaluated the significance of
fixed effects with a Type II ANOVA using ‘car’ (Fox
& Weisberg 2019), and we used ‘emmeans’ (Length
et al. 2023) to investigate pairwise contrasts using
estimated marginal means between years for total
recruitment across the reef tract, between years
within sites, and between region-year combina-
tions. Then, to assess temporal differences (among
the 3 yr) in total scleractinian recruitment across the
FRT, we determined interannual significance with a
Kruskal-Wallis test followed by Dunn's post hoc test
with a Bonferroni correction using the R package
‘dunn.test’ (Dinno 2017), with individual settlement
tiles as replicates (n = 955 in 2016, n = 956 in 2017,
n = 867 in 2018). To determine whether recruitment
varied temporally at the smaller spatial scale of sites
(~100 m?), we tested for year-to-year differences
within each site using Kruskal-Wallis tests with tiles
as replicates, and we tested for significant pairwise
contrasts using Dunn's post hoc test with a Bonfer-
roni correction.

To understand how bottom water temperature
may potentially function as a predictor of sclerac-
tinian recruitment, we first needed to determine
how temperature may vary across our study area
and between years during the scleractinian repro-
ductive seasons. From the temperature loggers, we
determined the daily mean temperatures from

April to September during the year immediately
preceding each annual tile collection to capture
both the most common brooder and broadcast
spawner planulation, spawning, and settlement
seasons for Atlantic corals (van Moorsel 1983,
Szmant 1986, Edmunds et al. 2001). For days
where temperature loggers failed or were lost, the
mean temperature of the nearest site of similar
depth (e.g. within ~2.5 m depth) from the same
day was substituted as a proxy (occurred in 9% of
site-days monitored). We tested for annual and
regional differences in bottom temperature by
regressing daily mean temperatures against region,
year, and their interaction using a linear model,
evaluated the significance of fixed effects using
Type II ANOVA within ‘car’ (Fox & Weisberg
2019), and tested for significant pairwise differ-
ences in regions and years using ‘emmeans’
(Lenth et al. 2023). Finally, the mean temperature
for each reproductive season was calculated as the
mean of daily average temperatures (n = 183 d
from April through September).

We investigated potential factors predicting varia-
tion in recruitment (Predictions 2a and 2b), as well as
the interactions between spatial and temporal vari-
ability, using a series of negative binomial GLMs.
Recruit counts on all tiles from each site within each
year were summed and used as site-level replicates.
For each family, we fit a full model that included
year, region, depth, live tissue area of confamilial
adult corals, and mean temperature for each site
from April to September in the year preceding
recruitment. To test whether patterns observed over
time are consistent across region and depth, we
allowed for interactions between year and region
and year and depth. We also allowed for interactions
between year and confamilial adult live tissue area
as well as region and confamilial adult live tissue
area, to test whether site-level spatial relationships
between live tissue area and recruitment were con-
sistent across region and year. After fitting the full
model for each group, we used the ‘step’ function
(from the R package 'stats’; R Core Team 2020) for
algorithmic model comparisons to reduce each
group's model to that with the lowest Akaike's infor-
mation criterion (Akaike 1974). For total scleractinian
recruitment, we fit the same full model, except we
substituted all scleractinian live tissue area per site in
place of the confamilial live tissue area. We then
tested significant effects of each relevant variable
with a Type Il ANOVA using the R package ‘car’' (Fox
& Weisberg 2019), and calculated Nagelkerke-
adjusted R? for each group's reduced mode using the
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R package 'PIECEWISESEM' (Lefcheck 2016). For each
group with a significant relationship between adult
live tissue area and recruitment identified via step-
wise model selection, we further used simple linear
regression to determine significant relationships
between adult live tissue area and recruitment
within and across regions each year. For each signif-
icant relationship, we calculated Pearson's p as well
as the intercept. To determine the directionality of
significant relationships and visualize model predic-
tions, we used the R package ‘sjPlot' (Lidecke 2022)
to produce marginal effects plots of predicted values
for supported continuous variables.

3. RESULTS

We counted 11633 scleractinian coral recruits
across 3 yr long saturations (2016-2018) at 30 sites
throughout the FRT. Across all 3 yr, 7825 recruits
(67 %) were identifiable to at least the family level, all
but 8 of which belonged to the families Agariciidae
(870 recruits), Poritidae (1433 recruits), Faviidae (99
recruits), and Siderastreidae (5415 recruits). Faviid
recruits were difficult to identify to species, but 31
(31 %) were identified as the brooding species Favia
fragum — Manicina areolata is the only other known
brooder in the family (Jaap 2015) —and none were
suspected to belong to the endangered, broadcast
spawning, framework-building genus Orbicella.
Based upon the composition of the adult coral com-
munity at the study sites (FWRI 2022a,b) and the
juvenile community (L. Huebner et al. unpub. data),
in which Siderastrea siderea individuals were very
common (93% of all siderastreid juveniles) and S.
radians individuals were rare (6 % of all siderastreid
juveniles), we suspect that the majority of the
siderastreid recruits were the broadcast spawning
species S. siderea. Furthermore, the majority of
larger siderastreid recruits (>1 cm) were visually
identifiable as S. siderea. The 8 identified recruits
belonging to families other than Agariciidae, Poriti-
dae, Faviidae, and Siderastreidae were within the
broadcast spawning family Acroporidae (n = 1; Acro-
pora spp.), brooding family Pocilloporidae (n = 2;
Madracis decactis), or mostly broadcast spawning
family Meandrinidae (n = 5), including Meandrina
meandrites (n = 2) and Dichocoenia stokesii (n = 1).
Either due to their small size or damage to their
skeletal structures, a proportion of recruits were
unidentifiable each year: 50 in 2016 (out of n = 629;
8%), 168 in 2017 (out of n = 1279; 13 %), and 3590 in
2018 (out of n = 9725; 37 %).

3.1. Hypothesis 1: temporal and spatial variation in
recruitment rates for corals of the western Atlantic
and Caribbean is intrinsically linked to
reproductive mode

3.1.1. Prediction la: brooders recruit to tiles at
higher densities than broadcast spawners

In 2016 and 2017, recruitment of the brooding fam-
ily Poritidae generally outpaced recruitment of the
primarily broadcast spawning families Siderastrei-
dae and Faviidae. In 2017, recruitment of the brood-
ing family Agariciidae also exceeded broadcast
spawner recruitment in each region except for
Southeast Florida. However, in 2018, siderastreid
recruitment increased to exceed brooder recruitment
in all regions except the Upper Keys (Fig. 1). Sideras-
treid recruitment was similar across all regions in
2016 and 2017, with no differences between these
years within regions, and was low relative to 2018
(Fig. 2). In 2018, the number of siderastreid recruits
significantly increased within each region, with the
smallest increase in the Upper Keys, followed by
Southeast Florida, and with massive 53- and 435-fold
increases in the Middle and Lower Keys, respectively
(Fig. 2). Because of these increases, Siderastreidae
became the dominant recruit family in 2018 (54 % of
9725 recruits), reducing poritid and agariciid propor-
tions to only 5 and 4 % of total recruitment, respec-
tively, although raw agariciid and poritid recruitment
numbers were comparable to 2016 and 2017. Faviid
recruitment was consistently low across the reef tract
but was lower in Southeast Florida in 2017 and 2018
compared to the Upper Keys in 2017. The number of
unidentified recruits was generally comparable
across regions in 2016 and 2017 but increased across
regions in 2018, especially in the Middle and Lower
Keys, in a pattern that reflected the substantial
increases in siderastreid recruitment (Fig. 2,
Table S2).

3.1.2. Prediction 1b: the patterns of recruitment
observed over time are consistent between regions
and across depth gradients for both brooders and
broadcast spawners

Interactions between region and year were only
significant for total scleractinian recruits, and depth x
year interactions were only significant for total scler-
actinian recruits and for siderastreids, suggesting
that temporal patterns in recruitment within the other
groups (agariciids, poritids, and faviids) spanned the
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Fig. 1. Mean recruit density for the most abundant brooding families (Agariciidae and Poritidae) and the most abundant pri-

marily broadcast spawning families (Siderastreidae and Faviidae) within each of 4 regions of the Florida Reef Tract (SEFL:

Southeast Florida) during each year of a 3 yr study. Letters denote significance groups within, but not across, years nested
within regions. Note that the y-axis is scaled differently by region

study regions and depth gradient (Table 1). Mean
scleractinian recruit density across the FRT differed
significantly across years (Kruskal-Wallis %%, = 565.5,
p <0.001), with 11.5 recruits m~2in 2016, 23.4 recruits
m~2 in 2017, and 197.9 recruits m~2 in 2018 (Fig. 3).
Within-site variation in total recruitment over the 3 yr
ranged from a 1.3-fold difference at the site with the
smallest change to a 402.8-fold difference at the site
with the largest change. At the sites with the largest
differences in recruitment between years, these
changes were driven by siderastreid recruitment,
which increased significantly between 2017 and 2018
at 23 of 30 sites (Dunn's p < 0.05; Fig. 4, Table S3).
This influx of siderastreid recruits was spread

throughout the reef tract, occurring at 5 (of 6) sites in
the Lower Keys, 6 (of 6) sites in the Middle Keys, 4 (of
6) sites in the Upper Keys, and 8 (of 12) sites in South-
east Florida. Additionally, recruitment of total scler-
actinians increased significantly at 19 sites from 2017
to 2018, all of which saw significant siderastreid in-
creases (Fig. 4, Table S3).

The siderastreid boom was evident in CREMP and
SECREMP in situ surveys of juvenile corals in subse-
quent years, where in all regions except Southeast
Floria, an increase in S. siderea juvenile density was
observed in 2020 (Upper and Middle Keys) or 2021
(Lower Keys; Fig. 5), 3—4 yr after initial settlement. At
published S. siderea recruit growth rates (4 mm lin-
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Table 1. Negative binomial generalized linear models investigating the effects of year, region, depth, and live tissue area
(LTA) of adult corals, and mean temperature from April to September for each site on total and family-level scleractinian re-
cruitment across 3 yr and 30 sites within 4 regions of the Florida Reef Tract. The full model with all factors and covariates was
compared to all possible combinations of reduced models using Akaike's information criterion (AIC), and the model with the
lowest AIC was tested for significance using Type II ANOVA. Factors and covariates that were removed from the model with
the lowest AIC are denoted 'na,’ and significant p-values (p < 0.05) are in bold; the directions of significant relationships be-
tween recruitment and covariates are indicated in square brackets. All scleractinian LTA at the site was used for the total scle-
ractinian model. LTA from confamilial scleractinians was used for the family models; spring was specified for the brooding
families (Agariciidae and Poritidae) and summer for the primarily broadcast spawning families (Faviidae and Siderastreidae)

Total Scleractinian Agariciidae Poritidae Faviidae Siderastreidae
x p x* P x P x p x P
Year 136.1 <0.001 na na 1.3 0.531 1.4 0.490 210.2 <0.001
Region 20.3 <0.001 99.4 <0.001 17.1 <0.001 32.3 <0.001 19.3 <0.001
Year x Region 17.5 0.008 na na 12.5 0.052 na na 8.3 0.214
Depth 0.1 0.763 74 0.007 [-] na na 7.9  0.005 [+] 11.2  <0.001 [+]
Year x Depth 6.9 0.031 na na na na na na 16.3 <0.001
Confamilial LTA 226 <0.001[+] 35.1 <0.001[+] 42.0 <0.001[+] 3.1  0.079 51 0.024 [-]
Year x LTA 21.4 <0.001 na na na na 44 0.112 15.1 <0.001
Region x LTA na na na na 28.5 <0.001 9.2 0.027 22.3 <0.001
Mean temp.? 38 0.050[-] 339 <0.001[-] 232 <0.001[]-] na na 3.9  0.049 [+]
Model R? 0.88 0.57 0.56 0.37 0.86
dApr-Sep, year of recruitment
juveniles were less abundant in situ and did not show vidual sites with the highest contributions to sideras-
the same pattern of increase (except for a small treid recruitment in our study, the spike in observed

increase in density in the Upper Keys). For the indi- juveniles was

X 1800-; ﬁ
120045
600 -é
2016 2017 ° 2018

Fig. 3. Distribution of total scleractinian recruit density on settlement tiles
during 2016-2018 across 30 sites in the Florida Reef Tract. Each dot within the
violin plot represents density per site, calculated by pooling all recruits and
dividing by total available settlement area; the shape of the violin plot indi-
cates the distribution of the sites by recruit density. Significantly more recruits
settled in each successive year of study (Kruskal-Wallis y2, = 565.5, p < 0.001).
Letters denote significance assigned by Dunn's post hoc pairwise compar-
isons. The 2018 plot is represented on a different axis because the maximum
site-level recruit density was 22-fold greater than the maximum density
in 2017

even more pronounced, with all but
one of the 10 sites with highest
siderastreid recruit density on settle-
ment tiles in 2018 showing a clear
increase in S. siderea juvenile density
in 2020 or 2021. Meanwhile, S. radi-
ans juveniles were uncommon or
absent at these same sites (Fig. S1).

3.2. Hypothesis 2: temporal and
spatial variation in recruitment rates
underlying scleractinian reproductive
modes are altered by extrinsic factors
that differ in their magnitude and
predictability

3.2.1. Prediction 2a: recruitment rates
correlate positively with live tissue
area of confamilial adults for both
brooders and broadcast spawners

In all 3 yr, both agariciid and pori-
tid recruitment had a significant pos-
itive linear relationship with confa-
milial adult live tissue area across
the FRT (i.e. when all 30 sites were
combined), but this relationship was
only significant each year for a sub-
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Fig. 5. Mean (+ SE) density of Siderastrea siderea (light blue)
and S. radians (dark blue) juveniles <4 cm in diameter
recorded in the Coral Reef Evaluation and Monitoring Pro-
ject (CREMP) and the Southeast Florida Coral Reef Evalua-
tion and Monitoring Project (SECREMP) surveys in the
years following the coral recruitment study, partitioned by
region. Note that the scale of the y-axis differs by region

set of the regions (Fig. 6, Table 2). For agariciids,
the linear relationship was significant every year in
Southeast Florida, in 2016 and 2018 in the Middle
Keys, and in 2017 and 2018 in the Upper Keys. For
poritids, the relationship was significant in 2016 and
2018 in Southeast Florida and in 2017 in the Middle
Keys. By contrast, siderastreids only exhibited a sig-
nificant within-year linear relationship between live
tissue area and recruitment in 2018, when positive
relationships were identified across the reef tract
and within the Upper and Lower Keys. Meanwhile,
Southeast Florida exhibited a negative relationship
between adult siderastreid live tissue area and
recruitment (Fig. 6C, Table 2). When examined
across years and accounting for covariates including
depth and temperature, the overall relationship
between siderastreid live tissue area and recruit-
ment was negative, and there was a significant ef-
fect of the interaction between region and live
tissue area on faviid recruitment.

3.2.2. Prediction 2b: recruitment rates are inversely
correlated with abnormally high water temperatures
occurring during the months when most
scleractinians reproduce

We found a negative relationship between total
scleractinian recruitment and the mean daily bottom
water temperature from April to September that dif-
fered among years (ANOVA, F, = 171.1, p < 0.001;
Fig. S2, Table S4) and was warmest in 2015 and
cooler in 2016 and 2017 (Tukey's HSD, p < 0.05). The
primarily broadcast spawning family, Faviidae,
showed no relationship between recruitment and
temperature. By contrast, for the other primarily
broadcast spawning family, Siderastreidae, the rela-
tionship between temperature and recruitment was
weakly supported (ANOVA, likelihood ratio y2; = 3.9,
p = 0.049) but positive, with predicted recruitment
increasing with temperature (Fig. S3).

4. DISCUSSION

We monitored coral recruitment in 3 successive
years (2016-2018) at 30 sites throughout the FRT
and counted a total of 11633 scleractinian recruits
with significant interannual variation in density.
While year-to-year variation in recruitment is well
documented (Edmunds 2017, Burt & Bauman 2020,
Evans et al. 2020) the magnitude of interannual
variation we recorded in this study is much greater
than previously reported in both the Atlantic and
Indo-Pacific. At all sites combined, the density of
scleractinian recruits increased dramatically in
2018 compared to the prior 2 yr: there was a 17.2-
fold increase from 2016 and an 8.4-fold increase
from 2017. By contrast, other long-term studies of
recruitment have commonly identified roughly 2-
fold interannual variation: overall recruitment de-
creased by slightly more than half from the first to
the second year in Abu Dhabi, United Arab Emi-
rates (Burt & Bauman 2020), and in a 4 yr study off
the Pilbara Coast, NW Australia, overall recruit
density doubled between the lowest and highest
year (Evans et al. 2020). Although other extreme
pulses in coral recruitment have been observed,
these have been at localized subsets of study sites
in the Indo-Pacific (Davidson et al. 2019, Adjeroud
et al. 2022), with only one recorded pulse event in
the Atlantic, which was a nearly 2-fold increase of
Orbicella spp. recruits to natural substrate across a
4 km area in St. John, US Virgin Islands (Edmunds
et al. 2011).
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As western Atlantic coral communities become between brooding and broadcast spawning corals is

increasingly dominated by weedy, stress-tolerant,
and mostly brooding corals (Green et al. 2008), dis-
tinguishing the rates and patterns of recruitment

important for predicting reef community trajectories.
Identifiable recruits in our study belonged almost
exclusively to the brooding families of Agariciidae
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Table 2. Pearson's correlation coefficients, intercepts, and p-values of sig-
nificant (p < 0.05) linear models regressing confamilial scleractinian adult live
tissue area and recruitment over 3 yr within and across 4 regions of the Florida
Reef Tract (SEFL: Southeast Florida). Across-region relationships are shown

and depth gradients, evidenced by the
lack of interaction between region and
year and depth and year (Table 1). Al-

in bold though most of the members of Favi-
idae are broadcasters, about one-third
Family Year Region Pearson's p  Intercept P (31%) or more of our faviid recruits
were the brooding species Favia fra-
Agariciidae 2016 SEFL 0.60 0.72 0.039 gum. The general consistency in faviid
Middle Keys 0.84 0.12 0.035 recruitment, while in alignment with
All Regions 0.61 0.23 <0.001 e .
2017 SEFL 0.94 0.47 <0.001 our second prediction of recruitment
Upper Keys 0.89 0.73 0.016 consistency over time and space, may
All Regions 0.65 0.09 <0.001 thus have been driven by a brooding
2018 SEFL 0.78 0.22 0.003 species. Further, faviid recruitment in
ﬁiﬁﬁrelf{ee%; 822 g?g 88;2 our gtudy yea'lr i'n Florida aligned wijth
All Regions 0.70 0.07 <0.001 our first prediction of brooders recruit-
Poritidae 2016 SEFL 0.82 0.17 0.001 ing at higher densities than broadcast-
All Regions 0.51 0.18 0.004 ers, in that a higher proportion of the
2017 I\A/Ii;i;ile Keys 32(2) ggf 060(?(?1 faviid recruits were represented by a
2018 SEeinonS 0? 80 0? 00 <0.6 02 single brooding s.})eglgs than were rep-
All Regions 0.61 0.00 <0.001 resented by any individual member of
Siderastreidae 2018 SEFL -0.84 0.00 0.001 the larger proportion of broadcasting
Upper Keys 0.84 0.35 0.036 members in the family.
Lower Keys 0.90 0.10 0.016 Patterns of siderastreid recruitment
All Regions 0.43 0.02 0.018 did not align with either of our first 2

and Poritidae and the primarily broadcast spawning
families of Faviidae and Siderastreidae. Recruitment
of the agariciids and poritids was consistent across all
3 yr and higher than that of the faviids and sideras-
treids in 2016 and 2017. Therefore, in those 2 years in
Florida, brooders dominated recruit cohorts, consis-
tent with records throughout the western Atlantic
and Caribbean (Bak & Engel 1979, Rogers et al. 1984,
Smith 1992, Rubin et al. 2008, Arnold & Steneck
2011, Humanes & Bastidas 2015) and in accordance
with our first prediction that brooders recruit at
higher rates than broadcasters. The patterns of
agariciids and poritids (brooder) recruitment also
aligned with our second prediction: while their re-
cruitment was slightly depressed in most regions in
2016 compared to 2017 and 2018 (Fig. 2), year overall
was not a significant factor predicting recruitment for
either family, and no interaction was identified
between region and year or depth and year (Table 1),
demonstrating temporal consistency across these
spatial gradients.

The link between recruitment patterns and repro-
ductive mode for broadcast spawning corals is more
difficult to discern. Faviid recruitment was low rela-
tive to all other families, and while it varied across
years (Table 1) and generally increased with depth
(Fig. S4), the patterns were consistent across regional

predictions on the link between re-
cruitment variation and reproductive
mode. While siderastreid recruitment did not vary
within regions and varied little across regions be-
tween 2016 and 2017, it dramatically increased in
2018 by 70.7-fold compared to 2017 and 31.9-fold
compared to 2016 (Fig. 2). Unlike the speciose
Faviidae, Siderastreidae in Florida includes only 2
species: the brooder Siderastrea radians and the
broadcast spawner S. siderea; based on recruit mor-
phological identification, and the composition of the
adult and juvenile communities (Figs. 5 & S1), the
majority of our siderastreid recruits were S. siderea.
Therefore, the more than 1000 % increase in sideras-
treid recruits between 2017 and 2018 at 13 of 30 sites
distributed across the reef tract was the result of a
broadcast spawner boom, such that siderastreids
dominated the recruit cohort at most sites in 2018.
Due to the siderastreids, recruitment in Florida in
2018 did not align with our first prediction of brooders
recruiting at higher densities on tiles. Additionally,
siderastreid recruitment also did not follow our sec-
ond prediction of consistency over time across depth
gradients, in that we observed an interaction between
year and depth in siderastreid recruitment, in which
the positive association between recruitment and
depth was more pronounced in 2018, when recruit-
ment rates were elevated (Table 1). The 2018 sideras-
treid densities (site means range: 0.7-888.7 m~2) were
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unprecedented and high relative even to overall scle-
ractinian recruitment rates reported from elsewhere
in the Caribbean; for example: 50~175 m~2 in Bonaire
(Arnold et al. 2010), 14—117 m 2 in St. John (Edmunds
etal. 2014), and 30-236 m~2in Los Roques, Venezuela
(Humanes & Bastidas 2015). This massive increase in
siderastreids in 2018 (Fig. 1) drove the patterns ob-
served for total scleractinian recruitment (Figs. 2-4)
and was reflected in those of the unidentified recruits
(Fig. 2). The similarity of these patterns indicates that
the unidentified recruits likely included many under-
developed siderastreid individuals, meaning that our
already massive siderastreid densities in 2018 were
conservative estimates.

Overall, our results demonstrate a link between
spatial and temporal variation in recruitment based
on reproductive mode in Florida: brooding corals had
consistent recruitment rates both spatially and tem-
porally while recruitment of broadcast spawning
corals reflected a boom-and-bust pattern that greatly
influenced the outcomes for time and space. The
brooding reproductive strategy may be more reliable
than broadcast spawning because brooding corals
are more likely to be able to self-fertilize (Brazeau et
al. 1998, Carlon 1999, Gleason 2001) as well as con-
serve energy and reduce mortality risk by dispersing
short distances (Szmant 1986). Additionally, brood-
ing taxa often have more opportunities to planulate
throughout the year than broadcast spawners have
opportunities to spawn (Szmant 1986). These factors
may reduce brooding species' reliance on favorable
extrinsic factors during an isolated time period to
achieve a ‘successful’ reproductive season. Mean-
while, broadcast spawners, as demonstrated by S.
siderea, may be more likely to exhibit boom-and-
bust patterns of recruitment similar to some other
marine organisms (Uthicke et al. 2009, Sams &
Keough 2012, Szuwalski et al. 2019), for which ex-
trinsic factors such as water and weather conditions
during 1 or 2 spawning events may make or break
recruit output for the year.

The FRT has experienced sustained chronic pres-
sures on coral populations that are overlaid with an
increasing frequency of acute disturbances (Jones et
al. 2022). These extrinsic factors were particularly
variable prior to and during the 3 yr of this study: sig-
nificant bleaching in the summers of 2014 and 2015
(NOAA Coral Reef Watch 2015), the start of the
SCTLD outbreak in 2014 in Southeast Florida and
eventual spread through the Middle Florida Keys by
2018 (Walton et al. 2018, Muller et al. 2020), and the
landfall of Hurricane Irma in the Lower Keys in
September 2017 (Kobelt et al. 2020). These major

stressors likely all had potential influences on coral
recruitment in addition to their impact on the tissue
area of adult corals. We predicted that recruitment
rates would correlate positively with the tissue area of
confamilial adult corals and found a positive correla-
tion between agariciid and poritid (brooder) recruits
and adult confamilial live tissue area (Fig. 6A,B,
Tables 1 & 2). Abundances of juvenile brooders sur-
veyed in situ have previously been found to correlate
with adult conspecific abundances in the Florida Keys
(Chiappone & Sullivan 1996, Moulding 2007). Because
juvenile corals recorded in situ are often 1-3 yr old
(Moulding 2007), they represent corals that have sur-
vived to detectability. Thus, the positive relationship
between conspecific juveniles and adults could be in-
terpreted as either environmental filtering, self-seed-
ing, or a combination of the two. However, settlement
tiles can detect much younger recruits, which, when
bleached, include those that perished shortly after
laying skeletal material. Here, the relationship be-
tween conspecific recruits and adults is more likely to
be a function of short dispersal distances characteristic
of brooders (Ayre & Hughes 2000, Underwood et al.
2007, Figueiredo et al. 2014, Holstein et al. 2014) and
may indicate self-seeding of brooding species.

In contrast with the brooders, the recruitment of
broadcast spawning siderastreids was not always
correlated with confamilial adult live tissue area
(Fig. 6C, Tables 1 & 2). Within the 2018 recruit co-
hort, the relationship between adult siderastreid live
tissue area and siderastreid recruitment in the Lower
Keys was characterized by high-cover, high-recruit-
ment sites (Fig. 6C). However, further from the focal
point of the recruitment boom in the Lower and Mid-
dle Keys, the strength and slope of the adult-recruit
relationship declined and became significantly nega-
tive in Southeast Florida, where siderastreids largely
recruited to the deeper outer reef terrace where live
cover of all corals is very low (<1%; Fig. 2). Using
biophysical modeling, Frys et al. (2020) identified
Lower and Middle Keys patch reefs as likely source
locations and the outer reefs of Southeast Florida as
likely sink locations for broadcast spawned larvae.
Additionally, models of Montastraea cavernosa
larval dispersal suggested that Hurricane Irma en-
hanced connectivity throughout the reef tract by
accelerating larval transport (Meurice et al. 2019).
The September arrival of Irma is within the generally
accepted spawning time frame for S. siderea (Szmant
1986, St. Gelais et al. 2016, Jordan 2018); therefore,
the hurricane may have increased export of S.
siderea larvae from reefs with high siderastreid cover
in the Lower and Middle Keys to coral-depauperate
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reefs in Southeast Florida, such as those in the outer
terrace, where recruitment was significantly ele-
vated in our 2018 cohort. Weather conditions
enhancing larval export could serve as an example of
environmental variables ‘making’ rather than
‘breaking’ the success of a broadcast spawning
species’ reproductive output and dispersal for the
year. However, we cannot exclude the possibility
that the entire 2018 siderastreid recruit cohort may
have been imported from elsewhere in the Carib-
bean, as genetic connectivity has been demonstrated
in S. siderea populations separated by up to 1200 km
(Nunes et al. 2011).

Temperature has recently been identified as an
extrinsic, relatively unpredictable factor modulating
temporal patterns in coral recruitment (Edmunds
2021). Elevated temperature during the preceding
reproductive season was identified as a negative pre-
dictor of recruitment for both brooding families
Agariciidae and Poritidae. This pattern is likely the
result of elevated temperatures during 2015 that
were associated with low recruitment in 2016 rela-
tive to the 2 subsequent years. Establishing a causal
relationship between temperature and recruitment is
not possible from in situ studies such as this one, as
many confounding variables are present (e.g. turbid-
ity, oceanographic variables). However, elevated sea
temperatures and resultant coral bleaching have
been shown to reduce the abundance and size of
oocytes in affected colonies (Ward et al. 2002, How-
ells et al. 2016, Johnston et al. 2020). Impaired stock—
recruitment relationships due to adult coral fatalities
from temperature stress are another possible mecha-
nistic link between elevated temperature and
depressed recruitment (Hughes et al. 2019). How-
ever, as our models accounted for confamailial live tis-
sue area (stock), the negative relationship between
temperature and recruitment that we observed for
brooders is unlikely to be completely explained by
depleted stocks and instead may represent the nega-
tive effects that temperature has on larvae directly
(Humanes et al. 2016, Ritson-Williams et al. 2016). As
global sea temperatures continue to rise, Florida
reefs could become increasingly dominated by
siderastreids, whose recruitment was positively but
weakly related to warmer temperatures in our study.
Siderastreid recruitment could be minimally affected
by thermal stress because siderastreids may be more
resistant or resilient to temperature-induced bleach-
ing than other Caribbean species (Smith et al. 2013,
Neal et al. 2017) and S. siderea is known to thrive in
marginal habitats throughout much of Florida (Hine
et al. 2008). Still, research into the true nature of rela-

tionships between temperature and coral recruit-
ment is required.

The effects of both adult live tissue area and tem-
perature were less clear for Faviidae. We found no
association between faviid recruitment and tempera-
ture. There was also no identified relationship,
within or across years, between faviid adult tissue
area and faviid recruitment, likely in part because
<1% (n=99) of all recruits were members of the fam-
ily Faviidae, and at least 31 % of them were the small
(<100 cm?) brooding species F, fragum, the adults of
which contribute a small fraction of live tissue area to
the site total and contribute little to reef structure
(Soong 1993). In general, Faviidae is a more speciose
coral family than the others examined, such that
abundant live tissue area of one faviid species is
unlikely to predict recruitment of a different faviid
species, and uncertainty in identifying recruits to
species precludes a species-level model of faviid
recruitment. Many of the reef-building, mountainous
species grouped in the Faviidae family in this study,
in particular M. cavernosa, Orbicella faveolata,
Colpophyllia natans, and Pseudodiploria strigosa,
are highly susceptible to SCTLD (Muller et al. 2020).
Disease may have depressed recruitment rates as a
result of compromised health and/or loss of adult live
tissue area in Southeast Florida and the Upper Keys,
where the disease was active during much of the
study period. However, we did not identify changes
in faviid recruitment across time, even as SCTLD
became more prevalent throughout the study region.

Historically, the main builders of reef framework in
the Florida Keys were in the genera Orbicella (Favi-
idae herein) and Acropora (Acroporidae; Precht &
Miller 2007, Toth et al. 2019). No confirmed Orbicella
recruits and just one Acropora recruit were found on
2778 tiles during our 3 yr of study. This is consistent
with decades of studies in the Caribbean region that
have observed poor recruitment and low juvenile
densities of these genera, especially relative to brood-
ing species (Bak & Engel 1979, Rogers et al. 1984,
Smith 1992, Williams et al. 2008). By contrast, a rela-
tively recent assessment of recruitment in the Florida
Keys recorded a high number of acroporid recruits
(24) on an order of magnitude fewer tiles (240 tiles;
van Woesik et al. 2014) than deployed in the current
study. The acroporid recruit number documented in
this earlier study may have been inflated due to the
challenges of identifying very small recruits that had
minimal time to develop post-settlement (1-2 mo in
their study as opposed to >6 mo in our study). Addi-
tionally, the example photo in van Woesik et al. (2014)
is inconsistent with photos of 2 mo old acroporids
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reared in the lab from known acroporid crosses
(Fig. S5). Personal communication with the authors of
that publication indicated that additional photographs
and voucher specimens are unavailable. While some
portion of the recruits may have been misidentified, it
is entirely possible that their result represents a rare,
mass recruitment event for Acropora, providing fur-
ther support for a boom-and-bust life history for
broadcast spawning coral species in the Atlantic and
Caribbean. Even S. siderea, a broadcast spawner that
is one of the most abundant adult species along the
FRT, was among the relatively low recruit densities
(0.6-3.8 recruits m~?) for siderastreids in 2016 and
2017 before booming in 2018. Therefore, it is possible
that other broadcast spawning species, including the
framework-building faviid and acroporid taxa, could,
given the right conditions, also recruit in boom events
as once observed with Orbicella recruits in St. John
(Edmunds et al. 2011). Had we not conducted our
study for a third year, we would have missed the
siderastreid boom event entirely; if we had conducted
our study only in the Upper Keys, we also would have
missed the magnitude of interannual variation that is
possible. Thus, multi-year time scales and large
spatial areas of study will be required to adequately
assess the frequency with which siderastreids experi-
ence boom-and-bust cycles as well as the possibility
of other broadcast spawner mass recruitment events.

Our observations revealed distinctions between
brooding and broadcasting taxa, suggesting that
coral recruitment patterns are intrinsically linked to
reproductive mode. Brooding poritid and agariciid
corals recruited consistently over the 3 yr, indicating
their potential to endure and recover after prolonged
periods of temperature stress (Porites astreoides;
Kemp et al. 2016) and associated bleaching (P. porites
and Agaricia agaricites; Wagner et al. 2010) and a
multi-year disease outbreak (Walton et al. 2018,
Muller et al. 2020). Furthermore, the spatial distribu-
tion of poritid and agariciid recruits tracked pre-
dictably with the distribution of adult live coral tissue
from the same families. Our results suggest that the
recruitment success of broadcast spawned larvae is
influenced by stochastic processes and is less pre-
dictable across space and time than recruitment of
brooding species.

The broadcast spawning S. siderea demonstrated
the ability to mass-recruit during a boom event in
2018, which resulted in siderastreids dominating the
recruit cohort that year over scales of 100s of km, irre-
spective of local coral cover and temperature. Even
though the siderastreid-dominant recruit cohort only
occurred in the third year of our study, S. siderea are

often among the most common juvenile corals re-
corded in situ in Florida (Miller et al. 2000, Moulding
2007, L. Huebner et al. unpub. data); however, in
highly disturbed habitats such as shipwreck decks, S.
radians is occasionally more locally abundant (Ver-
meij & Sandin 2008). As has been hypothesized for
other broadcasting taxa (Rogers et al. 1984, Smith
1992), S. siderea may compensate for bust recruitment
years through high survivorship of recruits from boom
years, resulting in their consistently high relative rep-
resentation among in situ juvenile communities.
While a few marine invertebrate species have been
shown to recruit in boom-and-bust patterns (Uthicke
et al. 2009, Sams & Keough 2012, Szuwalski et al.
2019), the phenomenon has been much more thor-
oughly described and investigated in long-lived plant
species (Kelly 1994, Pesendorfer et al. 2021). High but
synchronous interannual variation in seed availability,
called mast seeding, has occasionally been compared
to coral spawning patterns (Kelly & Sork 2002). Mast
seeding has been hypothesized to be more common in
plants than animals in part because plants’ longer life
spans dilute the consequences of missed reproductive
opportunities (Kelly & Sork 2002). However, the ex-
tent to which mast seeding is driven by stochastic
forces versus selective pressure is still up for debate,
and research progress has been slow due to the time
scales over which such interannual variation must be
observed in long-lived species (Koenig 2021). Our un-
derstanding of potential patterns of boom-and-bust
recruitment in corals is less advanced because coral
recruitment is much more difficult to observe than
mast seeding. Nevertheless, we can hypothesize that
among coral taxa, those with longer life spans and
broadcast spawning reproductive modes may be sub-
jected more to both selective and stochastic processes,
encouraging patterns resembling mast seeding. S.
siderea is slow-growing and long-lived: colonies
20-58 cm in diameter sampled in the Florida Keys
were aged to be between 34 and 107 yr old (Rippe et
al. 2018), and several colonies in the CREMP database
exceed 100 cm in diameter. Patterns of high inter-
annual variability in reproduction may have been se-
lected for in S. siderea if benefits such as optimal cur-
rents or predator satiation (Kelly and Sork 2002)
outweigh the consequences of missed reproductive
opportunities, ultimately yielding higher long-term
recruitment.

While population genetic analysis is needed to con-
firm, this widespread siderastreid boom event radiat-
ing from the patch reefs of the Middle and Lower
Keys may be a sign of the potential for sudden in-
fluxes of broadcast spawned larvae across a connected
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FRT (Frys et al. 2020, King et al. 2023) if source popu-
lations can be identified and preserved. Future efforts
to identify the factors that facilitate the spawning and
recruitment of corals in the Families Acroporidae and
Faviidae (as grouped herein), paired with protections
for both source populations and newly settled juve-
niles, could generate increased recruitment of imper-
iled corals across the world's third largest barrier reef
system.

Acknowledgements. This research was funded by NOAA's
Coral Reef Conservation Program under National Ocean
Service Agreement Codes MOA-2010-026 and MOA-2015-
047. We thank the many Florida Fish and Wildlife Research
Institute, Nova Southeastern University, and Georgia South-
ern University staff and graduate students who deployed
and retrieved settlement tiles, especially Lauren Stefaniak,
Alicia Vollmer, Hunter Noren, Morgan Hightshoe, Kelly
Pitts, Tiffany Boisvert, Katy Cummings, Ananda Ellis, and
James Kidney. We thank Gregg Bryant and Egbert Grant for
their tireless pursuit of the most efficient method to prepare
tiles for deployment, and Sarah Gignoux-Wolfsohn for com-
ments on previous drafts. This is contribution number 131
from the Tennenbaum Marine Observatories Network and
MarineGEO program.

LITERATURE CITED
¢ Adjeroud M, Peignon C, Gauliard C, Penin L, Kayal M (2022)
Extremely high but localized pulses of coral recruitment in
the southwestern lagoon of New Caledonia and implica-
tions for conservation. Mar Ecol Prog Ser 692:67-79
F Akaike H (1974) A new look at the statistical model identifi-
cation. IEEE Trans Automat Contr 19:716-723
P Alvarez-Filip L, Dulvy NK, Gill JA, Cété IM, Watkinson AR
(2009) Flattening of Caribbean coral reefs: region-wide
declines in architectural complexity. Proc R Soc B 276:
3019-3025
ﬁiAlvarez-Filip L, Gonzdalez-Barrios FJ, Pérez-Cervantes E,
Molina-Hernandez A, Estrada-Saldivar N (2022) Stony
coral tissue loss disease decimated Caribbean coral pop-
ulations and reshaped reef functionality. Commun Biol 5:
440
]%Arnold SN, Steneck RS (2011) Settling into an increasingly
hostile world: the rapidly closing ‘recruitment window’
for corals. PLOS ONE 6:€28681
ZArnold SN, Steneck RS, Mumby PJ (2010) Running the
gauntlet: inhibitory effects of algal turfs on the processes
of coral recruitment. Mar Ecol Prog Ser 414:91-105
]\(Aronson RB, Macintyre IG, Precht WF, Murdoch TJT, Wap-
nick CM (2002) The expanding scale of species turnover
events on coral reefs in Belize. Ecol Monogr 72:233-249
]\(Ayre DJ, Hughes TP (2000) Genotypic diversity and gene
flow in brooding and spawning corals along the Great
Barrier Reef, Australia. Evolution 54:1590-1605
HBak RPM, Engel MS (1979) Distribution, abundance and
survival of juvenile hermatypic corals (Scleractinia) and
the importance of life history strategies in the parent
coral community. Mar Biol 54:341-352
A Beukers-Stewart BD, Mosley MWJ, Brand AR (2003) Popu-
lation dynamics and predictions in the Isle of Man fishery

for the great scallop, Pecten maximus L. ICES J Mar Sci
60:224-242
A‘Bove CB, Umbanhowar J, Castillo KD (2020) Meta-analysis
reveals reduced coral calcification under projected
ocean warming but not under acidification across the
Caribbean Sea. Front Mar Sci 7:127
]% Bramanti L, Edmunds PJ (2016) Density-associated recruit-
ment mediates coral population dynamics on a coral reef.
Coral Reefs 35:543-553
]\'{ Brazeau DA, Gleason DF, Morgan ME (1998) Self-fertilization
in brooding hermaphroditic Caribbean corals: evidence
from molecular markers. J Exp Mar Biol Ecol 231:225-238
HBudd AF, Stolarski J (2011) Corallite wall and septal
microstructure in scleractinian reef corals: comparison of
molecular clades within the family Faviidae. J Morphol
272:66-88
HBudd AF, Foster CT, Dawson JP, Johnson KG (2001) The
Neogene marine biota of tropical America (‘NMITA')
database: accounting for biodiversity in paleontology.
J Paleontol 75:743-751
HBudd AF, Fukami H, Smith ND, Knowlton N (2012) Taxo-
nomic classification of the reef coral family Mussidae
(Cnidaria: Anthozoa: Scleractinia). Zool J Linn Soc 166:
465-529
]\( Burkepile DE, Shantz AA, Adam TC, Munsterman KS and
others (2020) Nitrogen identity drives differential
impacts of nutrients on coral bleaching and mortality.
Ecosystems 23:798-811
,\'{ Burt JA, Bauman AG (2020) Suppressed coral settlement fol-
lowing mass bleaching in the southern Persian/Arabian
Gulf. Aquat Ecosyst Health Manage 23:166-174
AlCaley MJ, Carr MH, Hixon MA, Hughes TP, Jones GP
(1996) Recruitment and the local dynamics of open mar-
ine populations. Annu Rev Ecol Syst 27:477-500
]\'{‘Carlon DB (1999) The evolution of mating systems in tropi-
cal reef corals. Trends Ecol Evol 14:491-495
Chiappone M, Sullivan KM (1996) Distribution, abundance,
and species composition of juvenile scleractinian corals
in the Florida Reef Tract. Bull Mar Sci 58:555-569
A Cowen RK, Paris CB, Olson DB, Fortuna JL (2003) The role of
long distance dispersal versus local retention in replenish-
ing marine populations. Gulf Caribb Res 14:129-137
]\viDavidson J, Thompson A, Logan M, Schaffelke B (2019)
High spatio-temporal variability in Acroporidae settle-
ment to inshore reefs of the Great Barrier Reef. PLOS
ONE 14:e0209771
Dinno A (2017) dunn.test: Dunn's test of multiple compar-
isons using rank sums. R package version 1.3.5. https://
cran.r-project.org/package=dunn.test
Duerden JE (1902) West Indian madreporarian polyps. Mem-
oirs of the National Academy of Sciences, Vol 8. US Gov-
ernment Printing Office, Washington, DC, p 399-534
]\(Edmunds PJ (2017) Unusually high coral recruitment during
the 2016 El Nino in Mo'orea, French Polynesia. PLOS
ONE 12:e0185167
]\(Edmunds PJ (2021) Spatiotemporal variation in coral
recruitment and its association with seawater tempera-
ture. Limnol Oceanogr 66:1394-1408
HEdmunds PJ, Gates RD, Gleason DF (2001) The biology of
larvae from the reef coral Porites astreoides, and their
response to temperature disturbances. Mar Biol 139:
981-989
ZEdmunds PJ, Ross CL, Didden C (2011) High, but localized
recruitment of Montastraea annularis complex in St. John,
United States Virgin Islands. Coral Reefs 30:123-130


https://doi.org/10.3354/meps14073
https://doi.org/10.1109/TAC.1974.1100705
https://doi.org/10.1098/rspb.2009.0339
https://doi.org/10.1038/s42003-022-03398-6
https://doi.org/10.1371/journal.pone.0028681
https://doi.org/10.3354/meps08724
https://doi.org/10.1890/0012-9615(2002)072%5b0233%3ATESOST%5d2.0.CO%3B2
https://doi.org/10.1111/j.0014-3820.2000.tb00704.x
https://doi.org/10.1007/BF00395440
https://doi.org/10.1016/S1054-3139(03)00005-5
https://doi.org/10.3389/fmars.2020.00127
https://doi.org/10.1007/s00338-016-1413-4
https://doi.org/10.1016/S0022-0981(98)00097-5
https://doi.org/10.1007/s00338-010-0676-4
https://doi.org/10.1007/s002270100634
https://doi.org/10.1002/lno.11693
https://doi.org/10.1371/journal.pone.0185167
https://doi.org/10.1371/journal.pone.0209771
https://doi.org/10.18785/gcr.1402.10
https://doi.org/10.1016/S0169-5347(99)01709-7
https://doi.org/10.1146/annurev.ecolsys.27.1.477
https://doi.org/10.1080/14634988.2019.1676024
https://doi.org/10.1007/s10021-019-00433-2
https://doi.org/10.1111/j.1096-3642.2012.00855.x
https://doi.org/10.1666/0022-3360(2001)075%3C0743%3ATNMBOT%3E2.0.CO%3B2
https://doi.org/10.1002/jmor.10899

56

Mar Ecol Prog Ser 721: 39-58, 2023

\,

]iEdmunds PJ, Nozawa Y, Villanueva RD (2014) Refuges

modulate coral recruitment in the Caribbean and the
Pacific. J Exp Mar Biol Ecol 454:78-84

]\(Elahi R, Edmunds PJ (2007) Consequences of fission in the
coral Siderastrea siderea: growth rates of small colonies
and clonal input to population structure. Coral Reefs 26:
271-276

HEvans RD, Wilson SK, Fisher R, Ryan NM and others (2020)
Early recovery dynamics of turbid coral reefs after recur-
ring bleaching events. J Environ Manage 268:110666

ﬁiFerrari R, Gonzalez-Rivero M, Mumby PJ (2012) Size mat-
ters in competition between corals and macroalgae. Mar
Ecol Prog Ser 467:77-88

A Figueiredo J, Baird AH, Harii S, Connolly SR (2014) In-
creased local retention of reef coral larvae as a result of
ocean warming. Nat Clim Chang 4:498-502

Fox J, Weisberg S (2019) An R companion to applied regres-
sion, 3rd edn. Sage Publications, Thousand Oaks, CA

]\<Frys C, Saint-Amand A, le Hénaff M, Figueiredo J and
others (2020) Fine-scale coral connectivity pathways in
the Florida Reef Tract: implications for conservation and
restoration. Front Mar Sci 7:312

FWRI (Fish and Wildlife Research Institute) (2022a) Florida
Keys coral reef evaluation monitoring project: geo-
database download. https://geodata.myfwc.com/search?-
collection=Document&q=Coral%20Reef%20Evaluation
%20Monitoring %20Project (accessed 5 Feb 2023)

FWRI (2022b) Southeast Florida coral reef evaluation
monitoring project. https://geodata.myfwc.com/search?
collection=Document&q=Coral%20Reef%20Evaluation
%20Monitoring %20Project (accessed 5 February 2023)

AGardner TA, Coté IM, Gill JA, Grant A, Watkinson AR
(2003) Long-term region-wide declines in Caribbean
corals. Science 301:958-960

Gleason D (2001) Can self-fertilizing coral species be used
to enhance restoration of Caribbean reefs? Bull Mar Sci
69:933-943

] Gleason DF, Hofmann DK (2011) Coral larvae: from gametes
to recruits. J Exp Mar Biol Ecol 408:42-57

] Green DH, Edmunds PJ (2011) Spatio-temporal variability
of coral recruitment on shallow reefs in St. John, US
Virgin Islands. J Exp Mar Biol Ecol 397:220-229

] Green DH, Edmunds PJ, Carpenter RC (2008) Increasing
relative abundance of Porites astreoides on Caribbean
reefs mediated by an overall decline in coral cover. Mar
Ecol Prog Ser 359:1-10

#Guan Y, Hohn S, Wild C, Merico A (2020) Vulnerability of
global coral reef habitat suitability to ocean warming,
acidification and eutrophication. Glob Change Biol 26:
5646-5660

]\(Harper LM, Huebner LK, O'Cain ED, Ruzicka R, Gleason
DF, Fogarty ND (2021) Methodological recommenda-
tions for assessing scleractinian and octocoral recruit-

ment to settlement tiles. PeerJ 9:e12549

]\(Hein MY, Beeden R, Birtles A, Gardiner NM and others
(2020) Coral restoration effectiveness: multiregional
snapshots of the long-term responses of coral assem-
blages to restoration. Diversity (Basel) 12:153

]\(Highsmith RC (1982) Reproduction by fragmentation in

corals. Mar Ecol Prog Ser 7:207-226

Hine AC, Halley RB, Locker SD, Jarrett BD and others

(2008) Coral reefs, present and past, on the West Florida

shelf and platform margin. In: Riegle, BM, Dodge RE

(eds) Coral Reefs of the World, Vol 1: coral reefs of the

USA. Springer, Dordrecht, p 127-173

‘\( Hoegh-Guldberg O, Kennedy EV, Beyer HL, McClennen C,
Possingham HP (2018) Securing a long-term future for
coral reefs. Trends Ecol Evol 33:936-944

A¢Holstein DM, Paris CB, Mumby PJ (2014) Consistency and
inconsistency in multispecies population network dynam-
ics of coral reef ecosystems. Mar Ecol Prog Ser 499:1-18

]% Howells EJ, Ketchum RN, Bauman AG, Mustafa Y, Watkins
KD, Burt JA (2016) Species-specific trends in the repro-
ductive output of corals across environmental gradients
and bleaching histories. Mar Pollut Bull 105:532-539

A‘Huang D, Licuanan WY, Baird AH, Fukami H (2011) Clean-
ing up the ‘Bigmessidae’: molecular phylogeny of scler-
actinian corals from Faviidae, Merulinidae, Pectiniidae
and Trachyphylliidae. BMC Evol Biol 11:37

A Hughes TP, Baird AH, Dinsdale EA, Harriott VJ and others
(2002) Detecting regional variation using meta-analysis
and large-scale sampling: latitudinal patterns in recruit-
ment. Ecology 83:436-451

] Hughes TP, Kerry JT, Baird AH, Connolly SR and others
(2019) Global warming impairs stock-recruitment dynam-
ics of corals. Nature 568:387-390

,\'{ Humanes A, Bastidas C (2015) In situ settlement rates and
early survivorship of hard corals: a good year for a Carib-
bean reef. Mar Ecol Prog Ser 539:139-151

A‘Humanes A, Noonan SHC, Willis BL, Fabricius KE, Negri AP
(2016) Cumulative effects of nutrient enrichment and ele-
vated temperature compromise the early life history
stages of the coral Acropora tenuis. PLOS ONE 11:
0161616

ZHumblet M, Hongo C, Sugihara K (2015) An identification
guide to some major Quaternary fossil reef-building
coral genera (Acropora, Isopora, Montipora, and Porites).
Isl Arc 24:16-30

]\VQJ aap WC (2015) Stony coral (Milleporidae and Scleractinia)
communities in the eastern Gulf of Mexico: a synopsis
with insights from the hourglass collections. Bull Mar Sci
91:207-253

]\vi.]ackson J, Donovan M, Cramer K, Lam V (eds) (2014) Status
and trends of Caribbean coral reefs: 1970-2012. Global

Coral Reef Monitoring Network, IUCN, Gland

] Johnston EC, Counsell CWW, Sale TL, Burgess SC, Toonen

RJ (2020) The legacy of stress: coral bleaching impacts
reproduction years later. Funct Ecol 34:2315-2325

] Jones NP, Ruzicka RR, Colella MA, Pratchett MS, Gilliam
DS (2022) Frequent disturbances and chronic pressures
constrain stony coral recovery on Florida's coral reef.
Coral Reefs 41:1665-1679

Jordan AC (2018) Patterns in Caribbean coral spawning. MSc

thesis, Nova Southeastern University, Dania Beach, FL

ﬁg Kelly D (1994) The evolutionary ecology of mast seeding.
Trends Ecol Evol 9:465-470

HKelly D, Sork VL (2002) Mast seeding in perennial plants:
Why, how, where? Annu Rev Ecol Syst 33:427-447

A‘Kemp DW, Colella MA, Bartlett LA, Ruzicka RR, Porter JW,
Fitt WK (2016) Life after cold death: reef coral and coral
reef responses to the 2010 cold water anomaly in the
Florida Keys. Ecosphere 7:€01373

]\'{ King S, Saint-Amand A, Walker BK, Hanert E, Figueiredo J
(2023) Larval dispersal patterns and connectivity of
Acropora on Florida's coral reef and its implications for
restoration. Front Mar Sci 9:1038463

HKobelt JN, Sharp WC, Miles TN, Feehan CJ (2020) Local-
ized impacts of Hurricane Irma on Diadema antillarum
and coral reef community structure. Estuaries Coasts 43:
1133-1143


https://doi.org/10.1016/j.jembe.2014.02.009
https://doi.org/10.1007/s00338-006-0190-x
https://doi.org/10.1016/j.jenvman.2020.110666
https://doi.org/10.3354/meps09953
https://doi.org/10.1038/nclimate2210
https://doi.org/10.3389/fmars.2020.00312
https://doi.org/10.1126/science.1086050
https://doi.org/10.1016/j.jembe.2011.07.025
https://doi.org/10.1016/j.jembe.2010.12.004
https://doi.org/10.3354/meps07454
https://doi.org/10.1111/gcb.15293
https://doi.org/10.7717/peerj.12549
https://doi.org/10.3390/d12040153
https://doi.org/10.3354/meps007207
https://doi.org/10.1016/j.tree.2018.09.006
https://doi.org/10.3354/meps10647
https://doi.org/10.1007/s12237-019-00665-4
https://doi.org/10.3389/fmars.2022.1038463
https://doi.org/10.1002/ecs2.1373
https://doi.org/10.1146/annurev.ecolsys.33.020602.095433
https://doi.org/10.1016/0169-5347(94)90310-7
https://doi.org/10.1007/s00338-022-02313-z
https://doi.org/10.1111/1365-2435.13653
https://www.iucn.org/sites/default/files/import/downloads/caribbean_coral_reefs___status_report_1970_2012.pdf
https://doi.org/10.5343/bms.2014.1049
https://doi.org/10.1111/iar.12077
https://doi.org/10.1371/journal.pone.0161616
https://doi.org/10.3354/meps11501
https://doi.org/10.1038/s41586-019-1081-y
https://doi.org/10.1890/0012-9658(2002)083%5b0436%3ADRVUMA%5d2.0.CO%3B2
https://doi.org/10.1186/1471-2148-11-37
https://doi.org/10.1016/j.marpolbul.2015.11.034

Harper et al.: Coral recruitment across Florida Reef Tract

57

\,

]< Koenig WD (2021) A brief history of masting research. Philos
Trans R Soc Lond B Biol Sci 376:20200423
]\(Lefcheck JS (2016) PIECEWISESEM: piecewise structural
equation modeling in R for ecology, evolution, and sys-
tematics. Methods Ecol Evol 7:573-579
#‘Lenth R, Bolker B, Buerkner P, Giné-Véaquez I and others
(2023) emmeans: estimated marginal means, aka least-
squares means. R package version 1.8.5. https://cran.r-
project.org/package=emmeans
]%Lirman D, Manzello D (2009) Patterns of resistance and
resilience of the stress-tolerant coral Siderastrea radians
(Pallas) to sub-optimal salinity and sediment burial.
J Exp Mar Biol Ecol 369:72-77
Lidecke D (2022) sjPlot: data visualization for statistics
in social science. R package version 2.8.12. https://
CRAN.R-project.org/package=sjPlot
FMarhaver KL, Vermeij MJA, Rohwer F, Sandin SA (2013)
Janzen-Connell effects in a broadcast-spawning Carib-
bean coral: distance-dependent survival of larvae and
settlers. Ecology 94:146-160
]\(Maynard JA, McKagan S, Raymundo L, Johnson S and oth-
ers (2015) Assessing relative resilience potential of coral
reefs to inform management. Biol Conserv 192:109-119
HAMcGuire MP (1998) Timing of larval release by Porites
astreoides in the northern Florida Keys. Coral Reefs 17:
369-375
Meurice R, Hanert E, Deleersnijder E (2019) Modelling lar-
val dispersal and coral connectivity in the Florida Reef
Tract during Hurricane Irma. MSc thesis, Université
Catholique de Louvain, Ottignies-Louvain-la-Neuve
FMiller MW, Weil E, Szmant AM (2000) Coral recruitment
and juvenile mortality as structuring factors for reef ben-
thic communities in Biscayne National Park, USA. Coral
Reefs 19:115-123
]\(Moulding AL (2007) Coral recruitment in the Florida Keys:
patterns, processes, and applications to reef restoration.
PhD dissertation, University of Miami, FL
FMuller EM, Sartor C, Alcaraz NI, van Woesik R (2020) Spa-
tial epidemiology of the stony coral tissue loss disease in
Florida. Front Mar Sci 7:163
ﬁiNavarrete SA, Broitman B, Wieters EA, Finke GR, Venegas
RM, Sotomayor A (2002) Recruitment of intertidal in-
vertebrates in the southeast Pacific: interannual variabil-
ity and the 1997-1998 El Nino. Limnol Oceanogr 47:
791-802
A’Neal BP, Khen A, Treibitz T, Beijbom O and others (2017)
Caribbean massive corals not recovering from repeated
thermal stress events during 2005-2013. Ecol Evol 7:
1339-1353
FNOAA Coral Reef Watch (2015) 2015 annual summaries of
thermal conditions related to coral bleaching for NCRMP
jurisdictions. https://coralreefwatch.noaa.gov/satellite/
analyses_guidance/2015_annual_summaries_bleaching_
thermal conditions. NCRMP.pdf
]\(Nunes FLD, Norris RD, Knowlton N (2011) Long distance
dispersal and connectivity in amphi-Atlantic corals at
regional and basin scales. PLOS ONE 6:e22298
]\(Pesendorfer MB, Ascoli D, Bogdziewicz M, Hacket-Pain A,
Pearse IS, Vacchiano G (2021) The ecology and evolution
of synchronized reproduction in long-lived plants. Philos
Trans R Soc Lond B Biol Sci 376:20200369
Precht WF, Miller SL (2007) Ecological shifts along the
Florida Reef Tract: the past as a key to the future. In:
Aronson RB (ed) Geological approaches to coral reef
ecology. Springer, New York, NY, p 237-312

‘\( Precht WF, Gintert BE, Robbart ML, Fura R, van Woesik R
(2016) Unprecedented disease-related coral mortality in
southeastern Florida. Sci Rep 6:31374

ﬁg Price NN, Muko S, Legendre L, Steneck R and others (2019)
Global biogeography of coral recruitment: tropical
decline and subtropical increase. Mar Ecol Prog Ser 621:
1-17

R Core Team (2020) R: a language and environment for statis-
tical computing. R Foundation for Statistical Computing,
Vienna

]\'{ Rippe JP, Baumann JH, De Leener DN, Aichelman HE,
Friedlander EB, Davies SW, Castillo KD (2018) Corals
sustain growth but not skeletal density across the Florida
Keys Reef Tract despite ongoing warming. Glob Change
Biol 24:5205-5217

] Ritson-Williams R, Arnold SN, Fogarty ND, Steneck RS, Ver-
meij MJA, Paul VJ (2009) New perspectives on ecologi-
cal mechanisms affecting coral recruitment on reefs.
Smithson Contrib Mar Sci 38:437-457

] Ritson-Williams R, Ross C, Paul VJ (2016) Elevated temper-
ature and allelopathy impact coral recruitment. PLOS
ONE 11:e0166581

A Rogers CS, Fitz HC, Gilnack M, Beets J, Hardin J (1984)
Scleractinian coral recruitment patterns at Salt River
submarine canyon, St. Croix, US Virgin Islands. Coral
Reefs 3:69-76

Rubin ET, Moulding AL, Lopez JV, Gilliam DS, Kosmynin
VN, Dodge RE (2008) Scleractinian coral recruitment to
reefs physically damaged by ship groundings. Proc 11th
Int Coral Reef Symp, Fort Lauderdale, 1:332-336

H¢Salinas-de-Leén P, Dryden C, Smith DJ, Bell JJ (2013) Tem-
poral and spatial variability in coral recruitment on two
Indonesian coral reefs: consistently lower recruitment to
a degraded reef. Mar Biol 160:97-105

]\'{ Sams MA, Keough MJ (2012) Effects of pulse versus steady
recruitment on sessile marine communities. Oecologia
170:209-219

] Smith SR (1992) Patterns of coral recruitment and post-set-
tlement mortality on Bermuda's reefs: comparisons to
Caribbean and Pacific reefs. Am Zool 32:663-673

] Smith TB, Brandt ME, Calnan JM, Nemeth RS and others
(2013) Convergent mortality responses of Caribbean
coral species to seawater warming. Ecosphere 4:1-40

] Soong K (1993) Colony size as a species character in massive
reef corals. Coral Reefs 12:77-83

]% St. Gelais AT, Chaves-Fonnegra A, Moulding AL, Kosmynin
VN, Gilliam DS (2016) Siderastrea siderea spawning and
oocyte resorption at high latitude. Invertebr Reprod Dev
60:212-222

’\'g Szmant AM (1986) Reproductive ecology of Caribbean reef
corals. Coral Reefs 5:43-54

A Szuwalski CS, Britten GL, Licandeo R, Amoroso RO, Hilborn
R, Walters C (2019) Global forage fish recruitment
dynamics: a comparison of methods, time-variation, and
reverse causality. Fish Res 214:56-64

A{Toth LT, Stathakopoulos A, Kuffner IB, Ruzicka RR, Colella
MA, Shinn EA (2019) The unprecedented loss of
Florida's reef-building corals and the emergence of a
novel coral-reef assemblage. Ecology 100:e02781

] Turner JA, Thomson DP, Cresswell AK, Trapon M, Babcock
RC (2018) Depth-related patterns in coral recruitment
across a shallow to mesophotic gradient. Coral Reefs 37:
711-722

AUnderwood JN, Smith LD, van Oppen MJH, Gilmour JP
(2007) Multiple scales of genetic connectivity in a brood-


https://doi.org/10.1098/rstb.2020.0423
https://doi.org/10.1111/2041-210X.12512
https://cran.r-project.org/package=emmeans</eref
https://doi.org/10.1016/j.jembe.2008.10.024
https://doi.org/10.1890/12-0985.1
https://doi.org/10.1016/j.biocon.2015.09.001
https://doi.org/10.1007/s003380050141
https://doi.org/10.1007/s003380000079
https://scholarship.miami.edu/esploro/outputs/991031447842502976
https://doi.org/10.3389/fmars.2020.00163
https://doi.org/10.4319/lo.2002.47.3.0791
https://doi.org/10.1002/ece3.2706
https://coralreefwatch.noaa.gov/satellite/analyses_guidance/2015_annual_summaries_bleaching_thermal_conditions_NCRMP.pdf
https://doi.org/10.1371/journal.pone.0022298
https://doi.org/10.1098/rstb.2020.0369
https://doi.org/10.1038/srep31374
https://doi.org/10.1111/j.1365-294X.2006.03187.x
https://doi.org/10.1007/s00338-018-1696-8
https://doi.org/10.1002/ecy.2781
https://doi.org/10.1016/j.fishres.2019.01.007
https://doi.org/10.1007/BF00302170
https://doi.org/10.1080/07924259.2016.1194334
https://doi.org/10.1007/BF00302106
https://doi.org/10.1890/ES13-00107.1
https://doi.org/10.1093/icb/32.6.663
https://doi.org/10.1007/s00442-012-2284-1
https://doi.org/10.1007/s00227-012-2066-7
https://doi.org/10.1007/BF00263756
https://doi.org/10.1371/journal.pone.0166581
https://doi.org/10.5479/si.01960768.38.437
https://doi.org/10.1111/gcb.14422
https://doi.org/10.3354/meps12980

58 Mar Ecol Prog Ser 721: 39-58, 2023

ing coral on isolated reefs following catastrophic bleach-
ing. Mol Ecol 16:771-784
A Uthicke S, Schaffelke B, Byrne M (2009) A boom—bust phy-
lum? Ecological and evolutionary consequences of den-
sity variations in echinoderms. Ecol Monogr 79:3-24
]\(van Moorsel G (1983) Reproductive strategies in two closely
related stony corals (Agaricia, Scleractinia). Mar Ecol
Prog Ser 13:273-283
ﬁivan Woesik R, Scott WJ, Aronson RB (2014) Lost opportuni-
ties: coral recruitment does not translate to reef recovery
in the Florida Keys. Mar Pollut Bull 88:110-117
]\‘QVermeij MJ, Sandin SA (2008) Density-dependent settle-
ment and mortality structure the earliest life phases of a
coral population. Ecology 89:1994-2004
ﬁ<Vermeij MJA, Marhaver KL, Huijbers CM, Nagelkerken I,
Simpson SD (2010) Coral larvae move toward reef
sounds. PLOS ONE 5:e10660
ﬁ<Wagner DE, Kramer P, van Woesik R (2010) Species compo-
sition, habitat, and water quality influence coral bleach-
ing in southern Florida. Mar Ecol Prog Ser 408:65-78
]\<Walton CJ, Hayes NK, Gilliam DS (2018) Impacts of a

Editorial responsibility: Simon Pittman,
Oxford, UK
Reviewed by: 3 anonymous referees

regional, multi-year, multi-species coral disease out-
break in southeast Florida. Front Mar Sci 5:323
Ward S, Harrison P, Hoegh-Guldberg O (2002) Coral
bleaching reduces reproduction of scleractinian corals
and increases susceptibility to future stress. Proc 9th Int
Coral Reef Symp, Bali 2:1123-1128
AWelle PD, Small MJ, Doney SC, Azevedo IL (2017) Es-
timating the effect of multiple environmental stressors
on coral bleaching and mortality. PLOS ONE 12:
e0175018
ZWilliams DE, Miller MW, Kramer KL (2008) Recruitment fail-
ure in Florida Keys Acropora palmata, a threatened Car-
ibbean coral. Coral Reefs 27:697-705
HWolfe K, Graba-Landry A, Dworjanyn SA, Byrne M (2015)
Larval phenotypic plasticity in the boom-and-bust
crown-of-thorns seastar, Acanthaster planci. Mar Ecol
Prog Ser 539:179-189
]\<Wolff M, Taylor M, Mendo J, Yamashiro C (2007) A catch
forecast model for the Peruvian scallop (Argopecten pur-
puratus) based on estimators of spawning stock and set-
tlement rate. Ecol Modell 209:333-341

Submitted: February 7, 2023
Accepted: August 7, 2023
Proofs received from author(s): September 29, 2023


https://doi.org/10.1890/07-2136.1
https://doi.org/10.3354/meps013273
https://doi.org/10.1016/j.marpolbul.2014.09.017
https://doi.org/10.1890/07-1296.1
https://doi.org/10.1371/journal.pone.0010660
https://doi.org/10.1016/j.ecolmodel.2007.07.013
https://doi.org/10.3354/meps11495
https://doi.org/10.1007/s00338-008-0386-3
https://doi.org/10.1371/journal.pone.0175018
https://doi.org/10.3389/fmars.2018.00323
https://doi.org/10.3354/meps08584



