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Coral reefs are severely threatened by climate change and recurrent mass bleaching
events, highlighting the need for a better understanding of the factors driving recovery
and resilience both at the community and species level. While temperature variability
has been shown to promote coral heat tolerance, it remains poorly understood whether
this also influences coral recovery capacity. Similarly, few studies have investigated how
the presence of cryptic species influences bleaching and recovery responses. Using an
integrated ecological, physiological, and genetic approach (i.e., reef-wide coral health
surveys as well as chlorophyll a concentration and cryptic species diversity of Acropora
aspera), we examined the recovery of both coral communities and their dominant
species from the 2016 mass bleaching event in the macrotidal Kimberley region,
NW Australia. We show that recovery of coral communities inhabiting adjacent but
environmentally contrasting reef habitats differed dramatically following unprecedented
bleaching in 2016. Both intertidal (thermally extreme) and subtidal (thermally moderate)
habitats experienced extensive bleaching (72-81%), but subtidal coral communities
had a greater percentage of severely bleached corals than the intertidal community
(76 versus 53%). Similarly, subtidal A. aspera corals suffered much greater losses
of chlorophyll a than intertidal conspecifics (96 versus 46%). The intertidal coral
community fully recovered to its prebleaching configuration within 6 months, whereas
the adjacent subtidal suffered extensive mortality (68% loss of live coral cover). Despite
the presence of three cryptic genetic lineages in the dominant coral species, the
physiological response of A. aspera was independent of host cryptic genetic diversity.
Furthermore, both intertidal and subtidal A. aspera harbored symbionts in the genus
Cladocopium (previously clade C). Our findings therefore highlight the important role
of tidally controlled temperature variability in promoting coral recovery capacity. While
the underlying physiological and molecular mechanisms require further investigation, we
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propose that shallow reef environments characterized by strong environmental gradients
may generally promote coral resilience to extreme climatic events. Thermally variable reef
environments may therefore provide important spatial refugia for coral reefs under rapid

climate change.

Keywords: coral bleaching, recovery capacity, temperature variability, Kimberley region, Acropora aspera, cryptic

species

INTRODUCTION

Tropical coral reefs are biodiversity hotspots that provide income
and resources to millions of people worldwide (Moberg and
Folke, 1999); however, they are in serious decline globally
due to climate change and a wide range of other stressors
(Hughes et al., 2017, 2018, 2019). As recurrent mass bleaching
events progressively reduce the recovery time available to
coral reefs (Hughes et al, 2018), there is an urgent need to
better understand the mechanisms and drivers that promote
rapid recovery from extreme climatic events (Graham et al.,
2011; Gouezo et al, 2019). While recovery dynamics of coral
communities are commonly studied, this is rarely combined with
more detailed physiological and genetic investigations of the coral
taxa dominating these communities.

Reef-building corals often exist over strong environmental
gradients and are characterized by wide variation in thermal
tolerance (Bay and Palumbi, 2014; Palumbi et al., 2014; Dixon
et al, 2015; Kenkel et al, 2015b), although their bleaching
thresholds are typically only 1-2°C above their local maximum
summer temperatures. Thermal tolerance can vary across
latitudes and regional scales (Coles et al., 1976; Berkelmans and
van Oppen, 2006; Riegl et al.,, 2011; Howells et al., 2013) but
also over much smaller spatial gradients (<10 km), including
thermally distinct habitats within a single reef (Palumbi et al.,
2014; Kenkel et al., 2015a; Schoepf et al., 2015b; Barshis et al.,
2018). While much attention has recently focused on how these
different thermal environments shape the heat tolerance and
bleaching resistance of corals (McClanahan et al., 2005; Castillo
et al., 2012; Palumbi et al., 2014; Kenkel et al., 2015a; Schoepf
et al., 2015b; Louis et al., 2016; Barshis et al., 2018; Safaie
et al., 2018), it is poorly understood if and how high-frequency
environmental variability influences coral recovery capacity. This
is despite the fact that coral community studies have shown that
recovery can be highly heterogeneous (Hoogenboom et al., 2017)
and habitat specific (McClanahan and Maina, 2003; Golbuu et al.,
2007; Le Nohaic et al., 2017), for example due to differences
in local environmental conditions and community composition.
In addition, specific biological traits, such as the type of algal
symbionts, often play an important role in influencing bleaching
resistance and recovery (Stat and Gates, 2011; Putnam et al., 2012;
Grottoli etal., 2014; Silverstein et al., 2015). Finally, unrecognized
species diversity can mask differences in functional ecology,
including microhabitat distributions and bleaching resistance
(Boulay et al, 2014; Rose et al, 2017), and although it is
increasingly being recognized that many coral species may in
fact consist of several cryptic species (Knowlton, 1993; Souter,
2010; Ladner and Palumbi, 2012; Warner et al., 2015), this is

rarely considered in studies investigating coral responses to and
recovery from bleaching.

Thermally variable and extreme reef environments, such as
back-reef environments and tide-dominated reefs (Brown et al,,
2000; Palumbi et al., 2014; Schoepf et al., 2015b; Camp et al.,
2018), have provided important insights into the mechanisms
underlying coral heat tolerance. Therefore, these systems also
have the potential to advance our understanding of how
corals living in such environments recover from heat stress
events. Here, we examined the divergent recovery responses
of coral communities in adjacent reef habitats following an
unprecedented mass bleaching event in the macrotidal Kimberley
region in NW Australia in 2016 (Le Nohaic et al., 2017;
Gilmour et al, 2019). Shallow coral reefs in this region are
subject to tidally induced (up to 12-m tidal range), extreme
environmental gradients (e.g., temperature, light, and aerial
exposure) that fluctuate strongly across multiple temporal and
spatial scales (Dandan et al, 2015; Schoepf et al, 2015b;
Gruber et al.,, 2017; Cornwall et al., 2018). Using an integrated
ecological, physiological, and genetic approach, we compared the
recovery capacity of two reef habitats with distinct environmental
conditions at low tide (Figure 1): (i) an environmentally extreme
and thermally variable intertidal pool where corals regularly get
exposed to air and have a naturally elevated heat tolerance and
(ii) a thermally moderate subtidal reef with less heat-tolerant
corals (Dandan et al., 2015; Schoepf et al., 2015b). We combined
reef-wide ecological surveys with physiological and genetic tissue
analyses of the dominant coral species, Acropora aspera, to
explore drivers of recovery capacity. We hypothesized that (1)
recovery capacity differs between habitats due to differences in
environmental conditions (especially temperature variability);
(2) intertidal corals recover better from bleaching than subtidal
corals, as demonstrated by lower levels of mortality (reef-wide
surveys) and higher chlorophyll a levels (A. aspera); (3) cryptic
species diversity is present in A. aspera and linked to differential
bleaching resilience across habitats; and (4) Symbiodiniaceae
communities do not differ between intertidal versus subtidal, as
reported in previous work (Schoepf et al., 2015b).

MATERIALS AND METHODS

Study Site

Our study site was located at Shell Island (Shenton Bluff),
Cygnet Bay, in the macrotidal Kimberley region of NW Australia
(Figure 1a). Shell Island has a tidal range of ~8 m, which
creates extreme environmental gradients across small spatial
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Shell Island, Kimberley region at mid- to low tide. Arrow indicated approximate area
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FIGURE 1 | Temperature and heat stress exposure at intertidal and subtidal environments. (a) The subtidal (arrow center left) and intertidal (arrow upper right) at

and maximum temperature in the intertidal from September 1, 2015 to October 18, 2016. The blue dashed lines show the local maximum monthly mean (MMM)
temperature. Orange solid lines indicate weekly cumulative heat stress above the local MMM (w > MMM; see section “Materials and Methods”). Vertical dashed lines
indicate when coral health was assessed in reef-wide surveys. (c) Same as in (b) but for the subtidal.

where surveys and coral collection was conducted. (b) Daily average, minimum,

scales resulting in a mosaic of environmentally different habitats
depending on tidal exposure (Dandan et al., 2015; Schoepf et al.,
2015b). The intertidal environment (16°28" 45.8” S, 123°2" 41.3”
E) is a small shallow pool (ca. 200 m x 100 m, Figure 1a) that
becomes isolated from the surrounding waters of King Sound
during low tide (minimum depth, ~20-30 cm; average depth,
~3 m; maximum depth, ~7 m). Although the pool retains at
least 20-30 cm of water during spring low tides, the upper parts
of coral colonies growing there regularly get exposed to air for
up to several hours. The associated slack water period lasts for
up to 4 h, with corals experiencing a combination of stagnant
flow conditions, high light levels (up to 2,400 jmol m=2 s~1)
and short-term maximum temperatures of up to 37°C (Dandan
etal,, 2015; Schoepf et al., 2015b). In contrast, the nearby subtidal
environment (16°28" 46.8” S, 123°2’ 36.6” E; within 200-300 m
of the intertidal; minimum depth, 0 cm; average depth, ~4 m;
maximum depth, ~8 m) represents a less extreme environment
(Figure 1a) where corals experience maximum light levels of
up to 1,800 wmol m~2 s=! and more moderate temperatures,
although average temperatures in the subtidal are the same
as in the intertidal. Corals in the subtidal environment are
typically not exposed to air during low tides, except during the

most extreme spring low tides (i.e., only a few days per year).
Short-term maximum temperatures (Figure 1) as well as daily
temperature variability differ strongly between intertidal and
subtidal, with intertidal corals being exposed to up to 7°C daily
temperature variability, whereas subtidal corals only experience
up to 3°C daily variability (Schoepf et al., 2015b). Both intertidal
and subtidal environments feature diverse coral communities
dominated by branching Acropora spp. (Le Nohaic et al., 2017);
however, intertidal corals have a higher heat tolerance than
subtidal corals (Schoepf et al., 2015b; Le Nohaic et al., 2017).

Reef-Wide Coral Health Surveys and

Environmental Monitoring

In the austral summer of 2016, a marine heatwave associated with
strong El Nifo conditions caused unprecedented mass bleaching
in NW Australia, including the Kimberley region (Le Nohaic
et al., 2017; Gilmour et al., 2019; but see Richards et al., 2019).
To quantify coral recovery and mortality following this bleaching
event, reef-wide coral health surveys were conducted at Shell
Island 6 months after peak bleaching from 18 to 21 October 2016
using the same methods that were used by Le Nohaic et al. (2017)
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to assess coral health prior to and during peak bleaching (January
13-17 and April 6-9, 2016, respectively). Surveys were conducted
along six randomly positioned, 15 m transects in each of the
intertidal and subtidal environments. High-resolution photos of
a 50-cm x 50-cm quadrat were taken every 0.5-1 m along the
transect line. Photo-quadrats were analyzed using the software
(Trygonis and Sini, 2012). All species of hard corals encountered
in the photo-quadrats were scored using the following four health
categories as a categorical bleaching score (McClanahan et al,
2004): unbleached/healthy (H), moderately bleached (M: <50%
of the colony bleached or colony pale), severely bleached (S:
>50% bleached), and dead (D).

From September 2015 until October 2016, water temperature,
water level, and photosynthetically active irradiance (PAR) were
recorded in both intertidal and subtidal environments. Water
temperature was recorded every 15 min by HOBO U22 v2
temperature loggers (40.2°C) in both intertidal and subtidal
environments. To assess cumulative heat stress, we calculated
the days when daily average temperature exceeded the local
maximum monthly mean (MMM) temperature over the previous
12 weeks from September 1, 2015 until October 18, 2016 and
then accumulated the positive temperature anomalies from these
days. This value was then divided by seven to calculate the metric
“w > MMM, which can easily be compared to the National
Oceanic and Atmospheric Administration’s (NOAAs) degree
heating week (DHW) product, except that our metric calculates
the sum of all positive temperature anomalies exceeding the local
MMM, whereas DHW only represents the sum of the positive
temperature anomalies exceeding the local MMM by more than
1°C. This new metric “w > MMM” was developed because it
provides more realistic estimates of heat stress in the complex
macrotidal environment at our study site than NOAAs DHW
methodology (Le Nohaic et al., 2017); however, in contrast to Le
Nohaic et al. (2017), we here chose to rename the metric to avoid
confusion with the widely used DHW terminology. Bleaching
thresholds for both intertidal and subtidal corals were previously
experimentally established to be ~32°C (Schoepf et al., 2015b),
~1°C above the local MMM of 30.827°C from NOAA’s 5-km
virtual station North Western Australia (version 2).

Water level was monitored continuously over the same time
period at both sites using HOBO U20-001-02-Ti water level
loggers (£0.05%) and RBR virtuoso water level loggers (£0.05%).
Downwelling planar PAR was measured at each site for a few days
over a spring tide at three time periods in 2016 (12-17 January,
6-8 and 10-12 April, 17-20 October) using Odyssey light loggers.
No light data are available from January 2016 due to the logger
malfunctioning. Each of the Odyssey loggers was calibrated under
water against a factory-calibrated LiCor PAR sensor. All loggers
were deployed on tripods ~20 cm above the benthos.

Physiological Analyses

In addition to the community surveys, we also tagged visibly
healthy and pale/bleached colonies of the dominant coral species
at our study site, A. aspera, which is widespread on shallow reef
habitats in both the Kimberley (Richards et al., 2015) and Indo-
Pacific. Five to 10 visibly healthy and 5-10 pale/bleached colonies
were tagged in both intertidal and subtidal environments during

peak bleaching (April 2016) using cattle tags epoxied to the coral
(Z-Spar). The health status of all tagged colonies was assessed
in April 2016 and after 7 months of recovery in November
2016 using the Coral Watch® Coral Health Chart where a
change of two units in brightness indicates a significant change
in symbiont density and chlorophyll a content (Siebeck et al.,
2006). Colonies were considered either “healthy” (brightness
scale, 3.6-6) or “bleached” (brightness, 1-3.5). Replicate branch
tips (~3 cm) were collected from the upper part of all tagged
colonies in April and November 2016 for physiological and
genetic analyses (see below). However, by November 2016,
several of the (mostly bleached) tagged colonies had died or
could not be relocated, which led to reduced sample sizes
for this time point (Supplementary Table S1). Corals were
collected using exemption #2549 from the Western Australia
Department of Fisheries.

Corals were stored at —80°C prior to processing. To
quantify bleaching, chlorophyll a concentration was determined
spectrophotometrically (Jeffrey and Humphrey, 1975) and used
as a proxy for bleaching susceptibility. Tissue was removed
from a branch tip using an airbrush and separated into
animal and symbiont fraction via centrifugation (2 x 10 min
at 3,000 g). Chlorophyll a from the symbiont fraction was
extracted in 100% acetone in the dark at 4°C for 24 h and the
concentration determined spectrophotometrically (Jeffrey and
Humphrey, 1975) and then standardized to surface area. Surface
area was calculated using the relationship between skeletal
mass (x, in g) and the respective computer tomography (CT)-
determined surface area (y, in cm?) of A. aspera skeletons from
our study site (y = 9.4871x%772°, n = 6, R* = 0.99).

Genetic Analyses

Acropora aspera forms a cryptic species complex in northwest
Australia, with at least four distinct genetic lineages occurring
in sympatry on reefs in the Kimberley (Underwood et al., 2017).
To determine if the presence of morphologically cryptic genetic
lineages within our dataset influenced the bleaching and recovery
responses across the two reef habitats, we used a shallow shotgun
sequencing approach and generated ~1 M paired end reads
per sample and aligned them using bwa mem to the complete
mitochondrion of A. aspera (GenBank accession NC_022827).
This shallow sequencing approach does not provide genome-
wide coverage and instead makes use of the higher copy number
of mitochondrial DNA and requires only a fraction of the
sequencing depth. DNA was extracted from 32 samples (16
per environment) for the April 2016 timepoint using a Qiagen
DNeasy blood and tissue kit, and Illumina compatible libraries
were generated using Nextera DNA Library Prep Kits at 1/20
of the manufacturers’ recommended volumes as in Therkildsen
and Palumbi (2017). We used samtools to sort and index and
picard tools (Li et al., 2009) to remove duplicate reads. We
estimated allele frequencies in each population based on genotype
likelihoods in Angsd (Korneliussen et al., 2014). We masked sites
with minQ < 10, minMapQ < 10, maf < 0.05, and a snp_value
>e-6. The resulting covariance matrix was used to carry out
a principle components analysis (PCA) in R using the eigen
functions (R base package). We also explored clustering of the
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data using ngsadmix (Skotte et al., 2013) to identify admixture
proportions among samples assigned to predefined clusters,
restricting our analyses to loci scored in >95% of individuals.
Mapped mitochondrial reads were also used to generate a
consensus sequence for each sample using bcftools, and popart
was used to build a TCS haplotype network. Since the DNA was
extracted from whole coral samples (coral host + dinoflagellate
symbiont), we were also able to opportunistically explore
differences in Symbiodiniaceae communities among samples for
the April 2016 time point. We followed a similar approach
as outlined above, but aligned our shotgun sequence data to
a reference file containing a representative ITS2 haplotype for
different genera (clades A-D) in the family Symbiodiniaceae. We
calculated the proportion of reads that uniquely mapped to each
reference sequence as a measure for symbiont composition.

Statistical Analyses

Coral Health Surveys

Coral health and community composition was analyzed
using permutational multivariate analysis of variance
(PERMANOVAS). Prior to multivariate statistical analysis,
count data were converted to percent abundance and square root
transformed. The four health categories (UB, M, S, and D) across
all coral genera were statistically tested for differences between
environments (intertidal, subtidal) and time points (January,
April, and October 2016) using two-way PERMANOVAs,
the Bray-Curtis similarity index, and 9999 permutations.
Transects served as replicates. Six replicate transects were used
for all environments and time points, except in the intertidal
in January 2016 where n = 7 transects were conducted (Le
Nohaic et al., 2017). Since PERMANOVA is largely unaffected
by heterogeneity of multivariate dispersions and differences
in correlation structure in balanced designs (Anderson and
Walsh, 2013), we did not specifically test for this when the
design was balanced (i.e. all analyses not involving the intertidal
January 2016 time point). For analyses involving the intertidal
January 2016 time point, we conducted a permutation test for
homogeneity of multivariate dispersions using the betadisper
function of the vegan package in R (Oksanen et al., 2016) with
999 permutations. The tests revealed that the assumption of
homogeneity of multivariate dispersions was indeed fulfilled for
both PERMANOVAs that involved the “intertidal January 2016”
group (Table 1).

Additional one-way PERMANOVAs were conducted to (1)
to test for the effect of time on coral health across all genera
in the intertidal and subtidal, respectively and (2) to compare
intertidal and subtidal at the recovery time point (October).
Post hoc pairwise comparisons were calculated, with p values
adjusted using the sequential Bonferroni correction. Principal
component analysis was used to visualize the data. The software
PAST was used for the PERMANOVA and PCA analyses
(Hammer et al., 2001).

Physiological Analyses

Since three cryptic genetic lineages were identified (see section
“Results”), the effect of genetic lineage on coral chlorophyll
a concentration was assessed using generalized linear mixed

TABLE 1 | Results from tests for homogeneity of multivariate dispersions for
PERMANOVAs assessing (1) the effect of environment and time on coral health
across all surveyed coral genera and (2) the effect of time on coral health across all
surveyed coral genera in the intertidal only.

Factor df SS MS F-value p-value
(1) Two-way Groups 5 19.952  3.991 0.981 0.437
PERMANOVA

Residuals 31 126.170 4.070
(2) One-way Groups 2 5.607 2.803 0.533 0.609
PERMANOVA
Intertidal

Residuals 16 84.115  5.257

SS, sum of squares, MS, mean square.

model (GLMM) analysis. Generalized linear mixed model
analyses were conducted for (1) corals from all three lineages
and (2) corals from the two main lineages only, to see if
the small sample size of the third lineage (n = 3) affected
the robustness of this analyses. As there was no significant
effect of genetic lineage on chla concentration in either case
(Supplementary Table S2), further statistical analysis to test
for the effect of environment, health, and time on chla
concentration was conducted for corals pooled from all three
lineages (see below). However, chla data for the dominant
lineage only are also presented in the Supplementary Material
to facilitate comparison (Supplementary Figure S2). Prior to
GLMM analysis of the chla a data, the distribution of the residuals
was visually assessed, and the data were square root transformed
to meet assumptions associated with GLMM analysis.

Generalized linear mixed model analysis was then also used to
test for the effect of health (healthy and bleached as determined
in April 2016), environment (intertidal, subtidal), and time
(April, November 2016) on chla concentration. Tukey adjusted
p values were used for post hoc tests when main effects were
significant. When a significant interaction was observed, multiple
pair-wise comparisons were conducted using Tukey adjusted p
values. Differences between healthy and bleached corals in their
respective environments were tested a priori. Generalized linear
mixed model analyses were performed using SAS. p values <0.05
were considered significant.

RESULTS

Recovery Responses of Intertidal Versus

Subtidal Coral Communities

Coral community health surveys conducted before, during,
and 6 months after the 2016 bleaching event revealed strong
differences in survival and recovery across small spatial scales
(hundreds of meters) (Figure 1 and Table 1). The intertidal
coral community suffered 72% bleaching (5 SE; moderately
and severely bleached corals combined) but mostly recovered
within 6 months with little mortality (9% =+ 5 SE) (Figure 2).
In stark contrast, the large majority of the bleached subtidal
coral community ultimately died (71% =+ 11 SE) (Figure 2)
although being separated by only 200-300 m and experiencing
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a similar though slightly higher degree of bleaching (81% =+ 4
SE versus 72% = 5 SE for intertidal). Thus, live coral cover
in the intertidal was maintained at essentially prebleaching
levels (6% proportional decrease in coral cover), whereas in
the subtidal, it dropped by 68%, resulting in a degraded
reef dominated by dead Acropora spp. corals that differed
significantly from its prebleaching state (Figure 2A and
Table 1).

Despite the different recovery responses, intertidal and
subtidal coral communities had a similar composition prior to
bleaching and experienced similar levels of heat stress exposure.
Both reef environments were strongly dominated by healthy
Acropora spp. corals prior to bleaching (Figure 2A); thus, the
bleaching and recovery response of this genus largely determined
the overall recovery trajectory within each environment.
Similarly, heat stress in both reef environments accumulated
along a similar trajectory, reaching 4.5 and 4.3 w > MMM in the
intertidal and subtidal during peak bleaching, respectively (April
2016; Figures 1b,c). w > MMM values ultimately peaked in early
May 2016 with 5.8 and 6.2 w > MMM in the intertidal and
subtidal, respectively, and declined in a similar manner in both
environments as temperatures seasonally decreased throughout
autumn and winter (Figures 1b,c). However, daily temperature
variability was generally much greater in the intertidal compared
to the subtidal, with temperatures reaching short-term maxima
of up to 38.1°C in the intertidal, yet only 33.8°C in the subtidal
(Figures 1b,c).

Light levels across spring tides were not consistently higher
or more variable in the intertidal, as this depended on season
(Supplementary Figure S1), even though average water depth is
generally ~1 m lower in the intertidal compared to the subtidal
(IT, 3.07 m £ 1.82 SD; max = 6.77 m; ST, 4.07 m + 1.89,
max = 7.89 m). In April 2016, both intertidal and subtidal corals
experienced average daily light intensities of ~500 pmol m~2 s~
(IT, 514 £ 519; SD, 541 + 571), and maximum light intensities
of 1,990 and 2,115 wmol m~2 s~ 1, respectively (Supplementary
Figure Sla). In October 2016, intertidal and subtidal corals
experienced similar but slightly lower average light intensities of
~400 wmol m~2 s~ ! than in April (IT, 442 + 426; SD, 406 + 388),
and maximum light intensities were also lower with 1,573 and
1,357 wmol m~2 s, respectively (Supplementary Figure S1b).

Cryptic Genetic Diversity and Symbiont

Communities of Tagged A. aspera Corals

Using a shallow sequencing approach, we mapped 36,717,172
reads from 32 A. aspera colonies to the complete A. aspera
mitochondrion (18,479 bp). Mapped mitochondrial reads for
each sample ranged from 6 to 110x coverage (mean, 35x + 4.5
SE). We calculated genotype likelihoods at 78 variable sites
spread across the mitogenome. The majority of these variant
sites occurred in cytochrome c¢ oxidase I (COl, n = 17)
and control region (CR, n = 22) (Figure 3A). Using various
clustering methods, we identified at least three distinct genetic
lineages in our dataset (Figure 3). While one lineage was
clearly more abundant than the others (group 3), all three
lineages co-occurred in intertidal and subtidal environments and

were comprised of both bleached and healthy coral colonies
(Figure 3B). Furthermore, the chlorophyll a concentration of the
A. aspera complex was not significantly influenced by host genetic
lineage (Supplementary Table S2). We therefore analyzed the
effects of environment, health, and time on chlorophyll a
concentration pooled across all lineages (see below). Mapping
reads to a list of dominant symbiont ITS2 haplotypes identified
that all A. aspera colonies in both habitats were dominated
by Cladocopium (previously clade C; LaJeunesse et al., 2018).
These symbiont results need to be interpreted cautiously as we
recovered few reads per sample (24 £ 3.5 SE) that mapped to our
symbiont reference file.

Chlorophyll a Concentrations and

Survival of Tagged A. aspera Corals

Tissue samples collected during and 7 months after bleaching
revealed that the physiological bleaching and recovery response
of A. aspera was characterized by significant interactive effects of
environment, health status, and time (Supplementary Table S3).
Although coral community health surveys showed a relatively
similar overall extent of bleaching for both reef habitats,
chlorophyll a analyses revealed that intertidal A. aspera bleached
less severely than subtidal A. aspera, losing only 46% of their
area-normalized chlorophyll a concentration compared to 96%
in subtidal corals (Figure 4A). This relatively higher bleaching
resistance was also observed in the community-wide surveys
as reflected in the lower percentage of severely bleached corals
(53%) in the intertidal coral community compared to the subtidal
community (76%) (Figure 2B).

Survival of tagged A. aspera differed strongly between
environments, with 83% (n = 5) of bleached colonies surviving
in the intertidal, yet only one bleached colony (20%, n = 1)
surviving in the subtidal, thus strongly mirroring the trends
observed in the coral community surveys (Figure 2). However,
among the surviving colonies, chlorophyll a concentrations of
previously bleached corals were no longer significantly lower
compared to the healthy coral and had, thus, fully recovered
7 months after peak bleaching in both intertidal and subtidal
environments (Figure 4B).

DISCUSSION

As coral reefs face more frequent mass bleaching events and
reduced recovery times (Hughes et al., 2017, 2018), attention
has increasingly focused on how different thermal environments
shape the bleaching resistance of corals (McClanahan et al., 2005;
Castillo et al., 2012; Palumbi et al., 2014; Kenkel et al., 2015a;
Schoepf et al., 2015b; Louis et al., 2016; Barshis et al., 2018; Safaie
etal., 2018). However, if and how recovery from heat stress events
is influenced by environmental variability has received much less
attention. We show here that strong environmental variability
associated with a naturally extreme, macrotidal reef site not only
increases coral heat tolerance as has been shown previously for
other thermally variable reefs (McClanahan and Maina, 2003;
Oliver and Palumbi, 2011; Palumbi et al., 2014; Schoepf et al,,
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2015b; Safaie et al., 2018) but also promoted rapid recovery of
coral communities from mass bleaching.

Thermally Variable Reef Habitats
Promote Rapid Recovery From Mass
Bleaching

Bleaching and recovery responses of coral communities in
adjacent reef habitats differed strongly across fine-scale but
extreme environmental gradients following unprecedented mass
bleaching in the macrotidal Kimberley region of NW Australia
in 2016. Both intertidal and subtidal reef habitats experienced
extensive, severe bleaching during peak heat stress (Le Nohaic
et al., 2017), with 72 and 81% of corals bleached, respectively
(Figure 2B). However, the subtidal coral community had a
greater percentage of severely bleached corals than the intertidal
community (76 versus 53%), indicative of lower heat tolerance
as observed in previous experimental work (Schoepf et al,
2015b). These differences in community-wide heat tolerance
were further corroborated by the physiological analyses of tagged
A. aspera corals, the dominant coral species at our study
site: bleached subtidal corals lost 96% of their area-normalized
chlorophyll a concentration compared to their healthy-looking
counterparts, whereas intertidal bleached corals lost only 46% of
their chlorophyll a concentration (Figure 4).

Surveys conducted 6 months after peak bleaching further
revealed dramatic differences in survival and recovery. The
intertidal coral community was able to fully recover to its
prebleaching health configuration within 6 months and only
lost 6% of live coral cover (Figure 2 and Table 1). In
contrast, the subtidal community only 200-300 m away suffered
extensive mortality (71%), loss of live coral cover (-68%), and
reduced framework complexity driven by death and overgrowth

of branching Acropora corals, resulting in a significantly
different community configuration compared to prebleaching
(Figure 2 and Table 1). The markedly distinct recovery responses
contradict results from a meta-analysis, finding no evidence for
reef zone impacting recovery rates (Graham et al, 2011) but
are consistent with other studies showing habitat-dependent reef
recovery. For example, thermally variable Kenyan reef habitats
suffered less mortality and changes in community composition
than thermally less variable habitats after the 1998 bleaching
event (McClanahan and Maina, 2003). Similarly, sheltered bays
in Palau suffered less mortality and recovered better from the
1998 and 2010 bleaching events than other habitats due to
naturally higher temperatures and lower light levels (Golbuu
et al., 2007; van Woesik et al., 2012). Our findings also agree
with recent experimental work showing that two genera of
intertidal Kimberley corals (Acropora and Dipsastraea) had
a higher bleaching resistance and survival rate than their
subtidal counterparts (Schoepf et al., 2015b). Given that the two
habitats experienced similar heat stress exposure and were both
dominated by heat-sensitive Acropora corals (Le Nohaic et al.,
2017), this points to the more extreme environmental conditions,
particularly greater daily temperature fluctuations (Oliver and
Palumbi, 2011; Schoepf et al., 2015b; Safaie et al., 2018) and/or
high light levels (Brown et al, 2000, 2002) in the intertidal,
playing a key role in promoting coral heat tolerance (Schoepf
et al, 2015b) and recovery capacity (this study). Since our
findings are consistent with those from other reefs characterized
by environmental variability (McClanahan and Maina, 2003;
Golbuu et al., 2007; van Woesik et al., 2012), we propose that
strong, fine-scale environmental gradients may be significant
drivers of coral recovery from mass bleaching.

The 2016 bleaching event is the first documented mass
bleaching event in the inshore Kimberley region (Le Nohaic et al.,
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2017; Gilmour et al,, 2019), highlighting that global warming
is increasingly also impacting remote coral populations with
naturally high stress tolerance (Dandan et al., 2015; Schoepf et al.,
2015b), although some areas seem to have escaped bleaching
(Richards et al., 2019). This bleaching event coincided with an
extremely unusual and dry wet season in the Kimberley (Le
Nohaic et al., 2017), high local night-time temperatures (Richards
et al., 2019), and the most extreme tides of the year; thus, it
is likely that the presumably increased light and UV stress as
well as aerial exposure contributed to the extensive mortality
observed in the more heat-sensitive subtidal corals. However, the
high survival and rapid recovery of the intertidal community
is expected to enhance the longer-term recovery of the subtidal
coral community via recruitment, even though we note that
bleaching can have negative impacts on coral reproduction (e.g.,
Szmant and Gassman, 1990).

Limited Influence of Host Cryptic
Genetic Diversity and Symbiont Genus

on Recovery Responses

Our study showed that the divergent recovery responses of
intertidal and subtidal coral communities were not significantly
influenced by the presence of cryptic genetic diversity in
the dominant coral species, A. aspera. Using a low-pass
sequencing approach and mapping reads to the A. aspera
mitochondrion, we identified three cryptic genetic lineages
in our dataset that cannot be distinguished based on colony
morphology; however, neither lineage was associated with a
specific habitat nor displayed particular susceptibility/resistance
during bleaching. This is in contrast to other cryptic coral
species found to have different environmental niches and/or
stress tolerance (Boulay et al, 2014; Rose et al, 2017). We
caution, however, that two of the lineages were represented
by only a small number of samples. Environmentally extreme
habitats may favor cryptic species diversity because evolving
under extreme conditions can constrain morphological change,
thus resulting in morphological stasis (Bickford et al., 2007).
Therefore, our study adds macrotidal reef environments to a
growing list of extreme environments, such as underwater
karst (Lefebure et al., 2006) or deep-sea environments
(Vrijenhoek et al, 1994), which support significant cryptic
species diversity.

Corals from the A. aspera complex from both intertidal
and subtidal habitats harbored symbionts from the broadly
distributed genus Cladocopium, which is consistent with other
work at our study site (Schoepf et al., 2015b) and in the north
Kimberley region (Thomas et al., 2014). However, these findings
differ from other thermally extreme reef habitats, such as the
back-reef pools in American Samoa, where higher proportions
of Durusdinium symbionts (LaJeunesse et al., 2018) were
found in the pool with higher and more variable temperatures
(Palumbi et al., 2014). The genus Cladocopium comprises many
physiologically diverse species, which are often locally adapted
to a range of environmental conditions (Fisher et al., 2012;
LaJeunesse et al., 2018), including high temperatures (Howells
et al., 2011). Because our shallow sequencing approach could

only be used to characterize genus level differences in symbiont
communities, it is possible that intertidal and subtidal corals
in our study hosted different species of Cladocopium and/or
that shifts in dominant symbiont genus or species occurred
during recovery (Grottoli et al., 2014; Silverstein et al., 2015).
Alternatively, the same species of Cladocopium could be locally
adapted to the different environmental regimes (Howells et al.,
2011). However, a growing body of literature suggests that
resistance to high temperatures (though not light) can be strongly
mediated by the coral host (Baird et al., 2008) and is, thus,
often (but not always) independent of the symbiont (Barshis
et al, 2010, 2018; Bellantuono et al., 2012; Palumbi et al,
2014). Analysis of finer-scale symbiont dynamics at greater
taxonomic and temporal resolution was beyond the scope of this
study, but our findings provide a framework for future research
investigating this topic.

CONCLUSION

In summary, we show here that strong daily temperature
fluctuations promoted rapid recovery of an intertidal coral
community from mass bleaching and return to prebleaching
configurations in a macrotidal, shallow reef system. Our
integrated ecological, physiological, and genetic approach
revealed that the divergent responses of intertidal and subtidal
reef habitats to the 2016 bleaching event were largely independent
of host cryptic genetic diversity and association with certain
symbiont genera in the dominant coral species. This suggests that
the presence of tidally induced strong environmental gradients at
our study site led to local adaptation and/or acclimatization of
the coral holobiont to the different environmental conditions in
the intertidal and subtidal reef habitat. We caution, however, that
we did not resolve symbiont type to species level, and two of the
three cryptic lineages were only represented in a small number of
samples. Furthermore, we were not able to investigate any signals
of local adaptation in the nuclear genome since our study focused
on the mitogenome. Future research is needed to investigate
other traits associated with increased recovery capacity, such
as high levels of energy reserves (Grottoli et al., 2014; Schoepf
et al.,, 2015a) or heterotrophic plasticity (Grottoli et al., 2006;
Connolly et al., 2012), as well as the evolutionary and possible
genetic mechanisms underlying the higher bleaching resilience of
intertidal corals.

While the macrotidal reef site investigated here represents
a naturally extreme environment, such thermally extreme reef
habitats have significantly advanced our understanding of the
mechanisms underlying climate change resilience (e.g., Palumbi
et al.,, 2014). Furthermore, improved recovery from bleaching
has also been observed in other reefs with higher or more
variable temperatures (McClanahan and Maina, 2003; Golbuu
et al., 2007; van Woesik et al,, 2012), although temperatures
on those reefs are much less extreme than at our study site.
Our findings therefore highlight the important role that tidally
controlled temperature variability can play in promoting coral
heat tolerance (Schoepf et al., 2015b; Safaie et al., 2018). While
the underlying physiological and molecular mechanisms require
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further research, we propose that shallow reef environments
characterized by strong environmental gradients may generally
promote the resilience of local coral populations to extreme
climatic events. They may therefore provide critical refugia and
spatial resilience to recurrent mass bleaching events while also
providing stocks of stress-resilient coral populations that could
be targeted for new management approaches (Morikawa and
Palumbi, 2019; Schoepf et al., 2019).
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