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Abstract

Climate change is causing shifts in the spatial distribution of species and a reshuffling
of the composition of multiple community types. On coral reefs, deep water can act
as both refuges and refugia for corals from the combined negative effects of heat
and light stress. Phenotypically plastic generalists that can tolerate both low and high
light environments could be disproportionately important on future reefs, persisting in
refugia and colonizing vacant shallow reefs. We performed a common garden experi-
ment to investigate the effect of light on three different wild-collected genotypes of the
abundant, depth-generalist coral Pavona varians. We measured the growth response
and reaction norms of six other morphological and functional traits in full sunlight,
75%, and 90% shade. We also modeled the combined effects of light and tempera-
ture on growth. P. varians had positive growth in all three treatments, but increased
both skeletal mass and 2-D colony footprint most in 90% shade, with a higher density
of corallites, and a less rugose skeleton that may enhance light capture. Areas of the
colony corresponding to new growth had greater fluorescence of Symbiodiniaceae
communities in the darkest treatment. Light did not alter the functional lipid ratio, nor
did communities of Symbiodiniaceae vary with light treatments. The model revealed
additively negative, but not synergistic, effects of light and temperature on growth.
This additively negative relationship in the model is consistent with the hypothesis
that reductions in bleaching at depth could be the product of reduced light stress at
depth rather than reduced temperature stress. Light-associated plasticity likely allows
P.varians to live in a wide variety of habitats and across a broad depth gradient.

In reduced light conditions, this species may mitigate some of the negative effects
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of bleaching temperatures on growth. We predict that P. varians is likely one of a
minority of species that may benefit from deep reef refugia.

Introduction

Phenotypic plasticity allows multiple phenotypes to be expressed by a single geno-
type in response to different environments [1-3]. Greater phenotypic plasticity is often
associated with species that are predicted to do well in a changing climate, such as
successful invaders [4], species with large distribution ranges [5], and those able to
persist in heterogeneous environments [6—8]. Phenotypic plasticity may allow species
to tolerate rapidly changing climates in two ways: sessile or modular species may
alter their phenotypes in place over their lifespans, and for species with dispersive
life-history stages, plasticity may facilitate range-shifts or extensions into less stress-
ful habitats [9—12]. Therefore, plasticity of foundational autotrophs, organisms which
contribute to the ecosystem engineering of terrestrial and marine forests, such as
some corals and plants, may be particularly important to understand as the climate
changes [13-16].

Climate change might cause coral species to shift their distributions from increas-
ingly stressful shallow-water habitats on tropical reefs to deeper water, potentially via
larval dispersal combined with plasticity. The Deep Reef Refugia Hypothesis (DRRH)
proposes that mesophotic reefs, at depths of 30 m or more, may act as refugia for
depth generalists locally extirpated from shallow reefs by a multitude of stressors
such as storms, pollution, disease, and overfishing [17, 18, 19], but see [20]. Climate
change is causing oceans to warm, leading to more frequent heat waves, bleaching
events, and mass mortality on coral reefs [21]. However, coral bleaching, a break-
down in the symbiotic relationship between coral hosts and their intracellular zooxan-
thellae (Family: Symbiodiniaceae), is often caused by the combined stress of high
temperature and light [22, 23], both of which decline with depth [19]. Accordingly,
bleaching severity is often reduced under low light, such as at depth [24—-27] and
during periods of high cloud cover [28, 29] and increased turbidity [30—33]. Although
the low light which characterizes the mesophotic may generally slow coral growth
[34], all else being equal, reduced irradiance of deep reefs likely reduces symbiont
photosystem stress during high temperature events [35]. Other stressors and their
interactions are likely important [36, 37], but the extent to which temperature and light
additively or synergistically negatively affect coral growth is not totally clear, and may
not be consistent across species [38, 39].

The realized impact of deep reefs as ecological refuges and evolutionary refugia
is limited by the disparity in coral community composition between deep and shallow
reefs. Based on the distribution of their abundances, most corals are likely depth spe-
cialists: the dominant reef builders on both mesophotic and shallow reefs tend to be
species with specialized, inflexible morphologies, limiting ecological exchangeability

ist species capable of persisting at demographically-significant densities from shallow
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to deep reefs, may do so via light-associated phenotypic plasticity [41]. These plastic generalists may be particularly
important in a warming ocean as they are able to tolerate the broad range of light conditions needed to use deep reefs as
refuges [41, 43]. Further complicating this issue is the ongoing difficulty of accurately identifying coral species, particularly
at depth where survey efforts are reduced and morphology may be altered by the changed abiotic conditions [44, 45].

The agaricid coral Pavona varians [46] is considered a depth generalist [41, 42], found at depths from 0.5 to > 50
meters [47]. One of the most common species in the Indo-Pacific [48, 49], ranging from the Red Sea to the Eastern Pacific
[50], P. varians is aptly named, exhibiting high variation in both microskeletal structure and gross colony morphology [51].
Unrecognized cryptic diversity may be responsible for some morphological variation in this nominal species [50]; however,
depth [52], wave energy [51], and latitude [50] may also explain inter-colony morphological variability of this species. Nat-
urally occurring intracolony variation suggests P. varians is phenotypically plastic with respect to light because individual
colonies can be more rugose on upward-facing surfaces than on downward-facing surfaces (Fig 1).

To investigate the extent of light-driven phenotypic plasticity in P. varians, we conducted a common garden experiment
in outdoor aquaria using three different field-collected colonies that were genetically distinct. We manipulated light over
a~six-month period and measured the effects on: lateral growth rate, calcification, corallite density, skeletal rugosity,
coral tissue thickness, lipid content and composition, and the density and genetic identity of the community of Symbi-
odiniaceae. All of these factors have been used as metrics of coral physiological condition or are known to be relevant
to their functioning in the ecosystem [53-55]. We were particularly interested in the effect of light on skeleton rugosity,
because more and taller ridges may have functional importance for this species by modulating the internal light environ-
ment experienced by symbionts. Assessing plasticity of growth rate (measured here as lateral growth, calcification, and
rugosity), is particularly important because growth is likely a key means of tolerating a rapidly changing climate [15] and
provides specific insight into how corals respond to changing environmental conditions and how they allocate energy to
different physiological processes [56,57]. Growth rate is also the primary way that corals are classified into functional

OAKB5

Fig 1. Colony OAKBS in situ, and top and bottom of collected fragment. Observation of intracolony variation in gross morphology between the
exposed top and shaded bottom of a P. varians colony, suggesting light-associated phenotypic plasticity.

https://doi.org/10.1371/journal.pone.0326069.9001

PLOS One | https:/doi.org/10.1371/journal.pone.0326069  July 1, 2025 3/24



https://doi.org/10.1371/journal.pone.0326069.g001

PLO\Sﬁ\\.- One

groups [53], which are used to make predictions about climate-driven changes in community structure on coral reefs
[57]. Although coral growth depends fundamentally on environmental conditions [58], the impacts of spatial variation in
light, temperature, and other environmental drivers are rarely considered in trait-based classifications, largely because of
a lack of experimental data [40].

In addition to fragmenting and growing colonies under manipulated natural lighting, we then took advantage of natural
seasonal variation in light and temperature over the experiment to model and statistically separate the effects of light and
temperature on growth. Our approach allowed us to assess the proposed synergistic effects of heat and light on coral
growth [e.g., 37], and understand the physiological correlates underlying the potential benefits of deep reefs for generalist
species in a warming ocean.

Methods
Coral collection

The three colonies of P. varians included in the common-garden experiment were collected by hammer and chisel with
snorkel or SCUBA by Hawai'‘i Division of Aquatic Resources (DAR) personnel, and therefore no permit was required as
they are the regulating agency for coral collection in Hawai‘i. Colony 1 was collected 1m deep in (Winter 2015) from Ke’ehi
Boat Harbor, O’ahu (21 18 43.4” N, 157 53’ 22.4” W) while colonies 2 and 3 were collected 3m deep in (Spring 2017) at
Sand Island State Recreation Area, O’ahu (21 17°55.76”N, 157 52’ 24.07” W). These colonies were transported <10 min-
utes to the Hawai'i Division of Aquatic Resources’ Anuenue Fisheries Research Center’s Coral Restoration Nursery, on
Sand Island. All colonies were kept in running seawater under two layers of shade cloth until the experiment began.

A fourth colony, which was not used in the common-garden experiment, “Colony OAKBS5”, was collected from 1 m deep
(Summer 2017) from Kane’ohe Bay (21°27°10.0”N, 157°48'03.4"W, Hawai'i DAR: Special Activities Permit 2016-57). This
colony (shown in the field in Fig 1) was used to represent an in situ colony where large light differences across the col-
ony may be effecting the symbiont community. PCR and sequencing of mitochondrial DNA confirmed all four colonies as
the same phylogenetic group of P. varians recovered by [47](see SM for details, S1 Fig). The three colonies used in the
long-term experiment were genetically distinct from each other at the same locus, so we considered them to be biological
replicates.

Experimental design

To test the effect of light on our multiple metrics, a~6-month experiment was conducted at the Hawai'‘i Division of Aquatic
Resources A‘nuenue Coral Restoration Nursery, Sand Island (21°18°14.6“N 157°52’16.1”W) on the island of O‘ahu,
Hawai‘i. The experiment was conducted outdoors in two 3.9 m diameter flow-through tanks, supplied by running, unfiltered
sea water. We used natural running seawater rather than maintaining a fixed tank temperature, allowing us to incorporate
natural thermal variation into our statistical models over the six-month experiment. Each tank was lit via natural sunlight
and divided into six equally-sized triangular segments to which three light treatments were applied using zero, two, and
four layers of 50% shade cloth, corresponding to 0, 75, 90% shade respectively (S2 Fig). These treatments were ran-
domly applied in duplicate in each tank, such that each treatment was replicated four times across the two tanks. The
difference in irradiance between 0, 75% and 90% shade, as measured in our experiment by HOBO loggers, was roughly
equivalent to descending 33 m and 56 m respectively in the clear, tropical waters of Hawai‘i [54]. We recognize, however,
that the light spectrum is attenuated unevenly with increasing depth, thus our shade cloth treatments would not capture
the complete effects of depth on light.

On June of 2017, each of the three genetically distinct P. varians parent colonies were cut into twelve 1 cm? fragments
using a diamond bandsaw, and each fragment was glued to individual 5 cm? unglazed travertine tiles using IC-GEL ethyl
cyanoacrylate gel glue (BSI Inc.) and left to recover for two weeks under two layers of 50% shade cloth in running sea
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water. The experiment was started on June 19", 2017; one fragment from each genotype was randomly placed in each of
the twelve treatments/replicates (three light treatments, each separately replicated four times) and placed on a plastic tray
suspended 10cm below the surface in the middle of the treatment area. Because of constraints imposed by the design of
the aquarium facility, the light treatment replicates were nested within the two tanks; therefore, tank was included as a fixed
factor in the statistical analysis (see below) (S2 Fig). Each replicate included a HOBO pendant light (lux) and temperature
(°C) logger, recording both variables every ten minutes for the duration of the experiment. For summary statistics, lux was
converted to watts m using a conversion factor of 0.008196721 [59]. The unoccupied portions of tiles were cleaned weekly
using a toothbrush to maintain a uniform environment across treatments with respect to sediment and fouling communities.

Data collection

At the beginning of the experiment and monthly thereafter, tiles (and attached coral fragments) were buoyantly weighed
(following the protocol described in [60]) to the nearest 0.025g using an electronic balance (Mettler Toledo MS8025), and
calibrated photographs were taken from directly above the two-dimensional (2D) footprint of each coral.

At the end of the experiment (data was collected over a two week period from November 17 2017 to December 1%
2017), each fragment was weighed to estimate calcification, photographed for linear growth measurements and to estimate
rugosity, and then each fragment was divided into several smaller subfragments of approximately 1 x 1cm size and used
for laser scanning confocal microscopy (symbiont density and tissue thickness), ash-free dry weight and proximal lipid
content and composition, and genetic identification of symbiont community. Fragments for lipid content were immediately
frozen on dry ice before being transported to a —80°C freezer. Samples of the fragments for fluorescence and tissue thick-
ness measurements were immediately preserved in Z-fix (Anatech Ltd, Battle Creek, MI) and stored at 4°C in the dark.

Hereafter we will refer to the three parent corals as colonies or genotypes, equivalent to genets, and fragments asso-
ciated with each genotype will be referred to as fragments, equivalent to ramets [61]. For the remainder of the paper, the
fragment originally glued to the tile (including vertical growth during the experiment) will be referred to as the “original
fragment”. New growth around this original fragment will be referred to as “new lateral growth”.

Lateral growth, weight, and corallite density

Change in skeletal weight was measured by subtracting the initial buoyant weight of the fragment +tile from the final buoyant
weight at the end of the experiment (151 d), and dividing by the total number of days in treatment to get a daily rate. This
method assumes that the density of organic coral tissue is the same as water, so the underwater weight represents the weight
of the calcified skeleton and any change over time is due to an increase (or decrease) in the amount of calcified skeleton [60].
Change in the 2D surface area of living coral tissue was measured from top-down photographs with a ruler for scale (Canon
EOS 6D, 135mm lens). 2D surface areas were measured in Adobe Photoshop (v. 19) to calculate area in cm?. To calculate 2D
colony growth, area measurements from the first and last time point were log transformed to account for the circular nature of
growth and transformed into a daily rate. For the three fragments which had negative growth (all in the 0% shade treatment),
the rate was fixed at zero, to ensure no exaggeration of growth differences in the 75% and 90% shade treatments.

Corallite density was calculated in areas of new lateral growth because of the difficulty in counting corallites between ridges
on the original fragments. Corallites were counted in ImageJ (v.1.8.0_77). The number of corallites were then divided by the
area of new growth, determined by subtracting the area of the original fragment subtracted from the final area measurement.

3D photogrammetry and fragment rugosity

We characterized colony rugosity with photogrammetry to assess the extent of ridge formation in the fragments. Each
colony was photographed 35-50 times (depending on fragment size) in two concentric circles, with a ruler for scale and
reflective disk for reference. 3D photomodels were created using Agisoft Photoscan Professional (v.1.2.6) (now Agisoft
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Metashape) using default settings, [62,63,64]. 3D surface area was measured in GeoMagic Control X 64 (v.2018.0.1).
For three fragments which had negative growth all from the 0% shade treatment, photomodels were not created because
in the absence of new growth, we would not be able to calculate the effect of light morphological changes of colony
rugosity.

To calculate fragment rugosity, the 2D surface area (i.e., the 2D fragment footprint calculated earlier) was divided by the
3D surface area, and the difference scaled to the 2D surface area. The 3D surface area was always greater than the 2D,
with increases in their ratio correlating with higher rugosity.

Coral tissue thickness and symbiont densities

We used Laser Scanning Confocal Microscopy to measure the intensity and depth of fluorescence of Symbiodinaceae
and coral host tissue in each fragment. These two factors can be used to estimate symbiont density and tissue thick-
ness, respectively, which can in turn be used to infer coral health, see [55]. Two pieces (<1 cm? each) of each coral, one
from the original fragment and one from new lateral growth, were fixed in 1:4 zinc-buffered formalin (Z-Fix Concentrate,
Anatech, Ltd) in 1 ym filtered seawater, and stored at 4°C in darkness. Samples were imaged using a Zeiss LSCM 710
and Zen Black software (2011 v14.0.16.201), with an excitation wavelength of 405 nm with 2.5x magnification. For tissue
thickness, 3D models were sliced vertically at three randomly generated points across the x-axis; the mean of five depth
measurements at each cross-section were averaged to generate a tissue depth score per sample. For symbiont densities,
3D models were generated (threshold 1.12+0.2) and collapsed into 2D Maximum Intensity Projection maps. The aver-
age Symbiodiniaceae fluorescence score of three non-overlapping uniform ROI's (n=3/fragment) was then calibrated to
a percent relative intensity score using the InSpeck Microscope Image Intensity Calibration Red Kit (Molecular Probes,
Sigma-Aldrich, St. Louis, MO).

Lipid content, dry weight and ash-free dry weight

Two sub-fragments (0.8—2 g) from each of the new lateral and original growth of each P. varians sample were placed in
a mortar and pestle, crushed, and mixed into a homogeneous slurry by adding 1 ml DPEC water for every 1g of coral
[65,66]. Dry weight (DW) was measured by taking two 100-ul aliquots of the coral slurry and placing it in separate pre-
ashed pans that were dried to a constant weight at 60°C for 3 h. Dried sub-fragments were then ashed at 450°C in a
muffle furnace to a constant weight (AW). Ash-free dry weight (AFDW) for each sample was calculated as the difference
between DW and AW. The mean of the two aliquots was used to estimate DW, AW, and AFDW.

Lipid analysis

To quantify lipid class abundance and composition, whole coral slurries were prepared as above and lipids were extracted
and quantified as in [66]. Briefly, lipids were extracted from two replicate 100-pl aliquots of coral slurry from each of 29
sub-fragments. Three fragments were excluded from the lipid analysis because the fragment was too small to provide
enough material for all of the destructive analyses, and we chose to prioritize the fluorescence measurements due to
stronger a priori expectations, please see data for which fragments were analyzed. Lipids were extracted in 2:1 methanol/
chloroform for 30 min at —20°C, washed in 1:1 chloroform/water dried under a N, gas stream, and resuspended in 30 pl
chloroform. Two 1 ul subsamples of each of the two aliquots were spotted on quartz-impregnated chromatographic rods
and run through a two-step development process [66,67]. Total lipid mass fraction was calculated as the mass of the
summed lipid classes divided by the total AFDW of the sub-fragment [66]. The functional lipid ratio (FLR) [68], the ratio

of storage to structural lipids, for each sample was calculated by summing the mass of all non-polar (storage) lipids and
dividing by the mass of all polar (structural) lipids. The FLR can be an indicator of growth rate, photosynthesis and respira-
tion rates, or reproductive condition [69—71].
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Photosynthetic symbiont community structure

Symbiodiniaceae communities were characterized from DNA extracted from the initial coral slurry generated during the
lipid extraction using a Qiagen DNeasy kit. We assessed symbiont community for twelve experimental fragments: two
from the 0% and 90% shade treatments for each of the three genotypes. Due to resource constraints we decided to look
at only the two most different light treatments where light-driven differences in symbiont communities were most likely to
be. Libraries were also prepared for the top and bottom sections of a single colony showing phenotypic plasticity in the
field (OAKBS5, not included in the light experiment). The rRNA ITS2 region was amplified with primers ITSDINO-F [72] and
ITS2REV2 [73] that included adapters (lllumina, USA) added to the 5’ end of each primer. Amplifications were conducted
in 13 pl volumes consisting of 6.3 ul MyTaq 2x (Bioline, USA), 0.3 pl of each 10 uM primer, 0.65 pL 20mg/mL BSA, 4.65
pl Ultrapure distilled water (Life Technologies), and 0.5 ul DNA. Thermal cycling consisted of an initial denaturation step of
five min at 95°C, followed by 35 cycles of 30s at 95°C, 30s at 53°C, and 45s at 72°C, with a final extension of 10 min at
72°C. Nextera XT (lllumina, USA) index adapters were added to each library followed by purification with Agencourt©Am-
pure XP beads. Amplicons (including negative controls) were then (pair-end, 300 bp) sequenced on an lllumina MiSeq
platform at the ASGPB. Sequences were analyzed using SymPortal [74] to generate ITS2 profiles: a holisitic assessment
of the Symbiodiniaceae community.

Statistical analysis of endpoint sampling metrics

All growth and tissue metrics from the end of the experiment were analyzed with linear mixed effects models using Ime4
(v1.21) [75] and ImerTest (v3.1) [76] in R (v3.5.2). Treatment and genotype were fixed effects with an interaction term, with
tank also as a fixed effect due to their being only two levels. Normality and homogeneity were confirmed using residual
and g-q plots. Cook’s Distance was used to remove between 0-3 outliers from each response variable. For datasets with
significant treatment or genotype effects, post hoc pairwise comparisons were performed using a Tukey HSD test, using
emmeans package (v1.3.5.1) [77] in R.

Statistical Analysis of the effect of light and temperature on lateral growth

We leveraged natural seasonal variation in environmental conditions to investigate the effects of light and temperature

on growth measurements taken approximately every 30 d. We calculated average temperature and average peak light
(between 10 am-3 pm) from data logged by HOBO loggers for each one-month time period between photographs (five in
total). Lateral growth was used for shorter-term intervals because it responded more rapidly to the environment than buoy-
ant weight, where tissue death may not result in skeletal loss for many months. Growth, temperature and light data for 36
tiles and from five time periods were included (180 data points); 3 data points were identified as statistical outliers due to
likely logger malfunction and removed from further analysis, for a total of 177. Growth for each month was measured sim-
ilar to section 2.4 areas the log difference in area. Light and temperature were both scaled to one to account for extreme
differences in variation between the two metrics (e.g., 2,000—40,000 lux vs. 26-28°C).

Because we expected lateral growth to be influenced by the original size of the fragment (the growing edge increased
as the fragments got larger), the previous month’s area was included in the model (LaggedArea). Further, the time periods
were not equal so Days between measurements were included, as were Tank and Tile, as random effects. We explored
increasingly complex models with additive and/or interactive effects between light, temperature, and genotype, and
selected the model with the lowest AICc (Akaike Information Criterion with a small sample-size correction).

We compared the best Linear Mixed Effect models to a Generalized Additive Model with the same fixed effects to
account for potential nonlinear responses in growth rates to predictors. Because AICc cannot directly compare models
with and without random effects, we used cross-validation to assess each model's mean-squared predictive error, the
ability to predict data that has been held out of the fitting process. The predicted effects of light and temperature on growth
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under an LME model were visualized using sjPlot (v2.7.2), with distribution of input data overlain as a rug plot using
ggplot2 (v3.2.1) [78] in R.

Results
Experimental conditions

Temperature and light varied seasonally over the 6-month duration of the experiment (S3 Fig). Peak light levels ranged
from 309 to 585 watts m2 (mean=442 watts m?), 72—123 watts m? (mean=101 watts m?), and 25—-41 watts m2

(mean =34 watts m?) in the 0, 75 and 90% shade treatment levels, respectively. Temperature ranged from 26.9 to 28.1°C
(mean=27.1°C), 26.6 to 27.8°C (mean=26.9°C), and 26.6 to 27.7°C (mean=26.9°C) in the 0, 75 and 90% shade treat-
ments, respectively. Four fragments bleached in the first month of the experiment and suffered partial mortality. These
fragments were in the 0% shade treatment and from Genotype 3; all were growing and had recovered pigmentation by the
end of the experiment.

Growth and skeletal morphology

There was an overall significant negative effect of light level on growth and growth-related traits. Calcification rate was
significantly affected by light (LM: df=2, F=14.1, p=0.00005), genotype (df=2, F=7.6, p=0.0023), and tank (LM: df=1,
F=4.6, p=0.04) (Fig 2). Fragments deposited twice as much skeleton in the darkest treatment (mean=0.011g day
'+0.0012) compared to full sun (mean=0.005¢g day'+0.001) (Fig 3a).

Lateral coral growth rate was also affected significantly by light (LM, light: df=2, F=37.9, p<0.0001, genotype: df=2,
F=28.73, p<0.0001), and the interaction between light and genotype was also significant (light*genotype: df=4, F=3.2,
p=0.03). The effect of tank was not significant. Fragments grew more than twice as fast laterally in the 90% shade treat-
ment (mean=0.085cm? day'+0.00369) compared to the full sun treatment (mean=0.039cm? day'+0.00369), and this
effect was particularly strong for Genotype 3 (S4a Fig).

Fragments not only grew more in the darkest environment, but they also grew differently with respect to fragment
morphology and organization. First, whole fragment rugosity was significantly affected by light (LM, light: df=2, F=22.8,
p<0.001) and genotype (genotype: df=2, F=21.9, p<0.0001): the ratio of 3-dimensional to 2-dimensional surface area

Genotype 1 Genotype 2 Genotype 3

0% Shade

90% Shade

Fig 2. Photographs of example colonies from all three experimental genotypes from 0 and 90% shade treatments, scale bar 1cm, at the con-
clusion of the 6 month experiment.

https://doi.org/10.1371/journal.pone.0326069.9002
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was twice as large in full sun (46.24 +2.95) as in the darkest treatment (21.4+2.7) (Fig 3c). There was no significant
interaction between light and genotype, nor was the single tank effect significant. Corallite density in areas of new lateral
fragment growth was significantly affected by light (LM, light: df=2, F=10.7, p=0.0007) and genotype (genotype: df=2,
F=4.0, p=0.035), and there was a significant interaction between the two (light*genotype: df=4, F=4.2, p=0.013), tank
was also significant (tank: df=1, F=6.7, p=0.018). Corallites were 50% more dense in areas of new lateral growth in

the darkest light treatment (mean=14.44cm?-'+0.64) than in the full sun treatment (mean=8.87cm?-"'+£0.88) (Fig 3b).
Although all colonies showed the same density trend from full sun to 90% treatment, the reaction norms of individual
genotypes differed (Fig S3d). For Genotype 1 the full sun and 75% shade treatments were visually similar, while for Geno-
types 2 and 3 the 75% and 90% shade treatments were visually similar (Fig S4).

Coral condition metrics

In areas of new lateral growth, mean tissue thickness was significantly affected by genotype (genotype: df=2, F=36.12,
p<0.0001), but not light or tank. Mean Symbiodiniaceae fluorescence in areas of new lateral growth was significantly

c b

b 0.015 a,b
~0.09 s
= ; g 2
S o 0.010
E 0.06 P &
a"= 8
2 ® ; "
g 2 0.005 °
50.03 ° ©
2 =
o o
(U] 8 |

0.00 0.000 SE °
C 20 b d a

b 80
o b
15
§ 60
B g N
g 10 . 2 40
2
[ 20
S 5

75 90 0 75 90
% Shade % Shade

Fig 3. Growth and morphological metrics of Pavona varians across three light treatments: a) growth rate, b) calcification rate, c) corallite
density on lateral growth, d) colony rugosity. Letters correspond to significant pairwise differences in post hoc analysis (p<0.05).

https://doi.org/10.1371/journal.pone.0326069.9003
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https://doi.org/10.1371/journal.pone.0326069.9004
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https://doi.org/10.1371/journal.pone.0326069.9005

affected by light (LM: df=2, F=6.67, p=0.0052) and genotype (df=2, F=60.12, p<0.0001). Fluorescence attributed to
Symbiodiniaceae was approximately twice as high in the darkest treatment (mean=9.79 Rl 100% = 0.602) compared to
under 0% shade (mean=5.59 RI 100% +0.728) (Fig 4a).

In contrast to areas of new lateral fragment growth, light did not affect tissue thickness or Symbiodiniaceae
fluorescence in the original fragment. There was no significant effect of light on tissue thickness of the origi-
nal fragment, but there was a significant effect of genotype (LM, genotype: df=2, F=46.32, p =<0.0001), and
a significant interaction (light*genotype: df=4, F=3.5, p=0.023). Similarly, there was no significant effect of
light on fluorescence in the original fragment, but genotype was significant (LM, genotype: df=2, F=25.89, p
=<0.0001).

For the entire fragments, total lipids were not significantly different among light treatments or genotypes. The ratio of
nonpolar to polar lipids was also not significantly different among light treatments but there was a significant genotype
effect (LM, genotype: df=2, F=4.8, p=0.02) (Fig 4e).

Symbiodiniaceae community

All subsamples from experimental and field fragments contained symbiont communities dominated by the genus Clado-
copium, but phylotype varied between genotypes. Genotype 1 communities predominantly contained C1 symbionts, with
no variation across light treatment. Genotypes 2 and 3 were dominated by C3, with the exception of the full-sunlight frag-
ment of Genotype 3 which has a mixture of C1 and C3. Finally, the OAKB5 (Fig 1) symbiont community was different from
experimental corals, dominated by C27, but again community composition did not vary across colony surfaces exposed to
different light levels, i.e., top and bottom of the colony (Fig 5). There is a single sample point from Genotype 2 in the 0%
shade treatment as the other sample’s sequencing run failed.
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Model of additive effects of light and temperature

The best linear mixed effects model included the effects of temperature, light, and genotype but not interactions between
these predictors. The next best model included an interaction between light and genotype, but support for this model

was weak (AAICc 5.31). Therefore, the best-fitting model showed that light and temperature each had negative, additive
(and independent) effects on growth (Fig 6). Further, cross-validation between the best model LMM and the General-

ized Additive Model showed these effects were linear, with no significant difference in the mean squared predictive error
(<1%), and otherwise similar error distributions between the two models. Under the LMM, lateral growth was reduced

by both increasing temperature (LMM: Estimate=-0.1092cm?+0.024, t=-4.567, p<0.0001) and increasing light (LMM:
Estimate=-0.09047 cm?+0.026, t=-3.997, p=0.0002), and both had similar effect sizes (AAICc 8.68). Lateral growth was
consistently 0.3cm less at 28°C than at 26.5°C, and this difference was offset by the 0.29cm increase in growth in the
darkest to brightest light recorded (2,000—80,000 lux).

Discussion

The common garden experiment, symbiont metabarcoding, and growth rate modeling revealed four main findings. First, P.
varians is phenotypically plastic in response to light, changing its morphology in ways that are consistent with an adaptive
response. Second, growth rates of P. varians were highest under the darkest experimental conditions. Third, in contrast to
the plasticity of the host’s morphology, Symbiodiniaceae community was not affected by light; however, symbiont com-
munity composition varied between genotypes. Finally, light and temperature had equal and additive negative effects on
growth, indicating that low light can partially mitigate the negative effects of high temperatures on growth. Taken together,
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Fig 6. Predictions for lateral growth under normal (26.5 °C) and bleaching temperatures (28 °C) across light, from Linear Mixed Effects Model,
shading indicates 95% confidence interval of the effects of light and temperature. Rug plot indicates distribution of experimental data.

https://doi.org/10.1371/journal.pone.0326069.9006
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these findings indicate that phenotypic plasticity may be a key mechanism by which P. varians achieves a broad realized
niche; either by persisting in place through changing conditions, or by allowing range shifts at the scale of the species
after larval dispersal of individuals to newly vacant habitats or use of refuges.

Morphological plasticity

The growth experiments suggest that much of the inter- and intracolony morphological variation observed in P. varians on
natural reefs is due to phenotypic plasticity in response to light. In high light, experimental fragments grew more slowly
(by either mass or 2D footprint) but had more rugose skeletons (taller and more ridges), and a lower density of corallites
(Figs 2,3, S4,5 Figs). In low light, fragments grew more quickly and had flatter skeletons with shorter ridges, and a higher
density of corallites. Although we used only three genotypes in this experiment, due to practical constraints (primarily
permits for coral sampling) and removal of a fourth colony after the experiment because genetic screening revealed it to
be a different, cryptic lineage; our findings were still statistically well-supported. Further investigation with more genotypes
might shed light on the extent of genetic variation in the presence and extent of the plastic response within the population
of P. varians in Hawai'‘i. Similarly, field experiments comparing rugostiy of multiple colonies under different light regimes
would be an interesting supporting natural experiment.

This morphological phenotypic plasticity of rugosity and corallite density could be adaptive, because it may allow
individual colonies to improve their performance under different light conditions. First, under high light, increased ridge for-
mation potentially enhances self-shading of zooxanthellae (in the furrows between ridges) from excess light, while in low
light conditions, flatter skeletons can increase light capture by zooxanthellae [79—-83] Second, plasticity in corallite density
may be an integrated phenotypic response to variation in light availability because greater corallite (i.e., polyp) densities
under low light conditions may increase the potential for colonies to offset reductions in photosynthesis by feeding on zoo-
plankton [84], but see [85]. This contrasts with other studies assessing light-associated plasticity of corallite density and
morphology which generally found lower corallite density and larger corallites with increasing depth [86—88], our results
are more similar to results of morphological variation for the depth generalist species Monastrea cavernosa [89] and
Pocillpora damicornis [87]. Mixotrophy has not been established for P. varians; however several other species of Pavona
and Leptoseris are mixotrophic, with greater reliance on heterotrophy at depths from 70 to 120 m [54, 90]. Traits related to
increased resource acquisition, such as branching frequency and rhizome formation, are similarly plastic in plants, maxi-
mizing resource capture in heterogeneous light environments [91].

Skeletal plasticity in P. varians could provide other advantages under different light environments. Increased col-
ony rugosity may increase movement of metabolites away from, and carbon dioxide towards, the colony surface due
to increased shear stress from turbulent flow generated by the skeletal ridges [92, 93]. Similarly, colonies with irregular
surfaces transfer more heat from water flow, potentially beneficial in warm, shallow water [94]. Greater corallite density
in corals may also have other advantages, as more polyps may enhance autotrophy because more space is devoted to
gastrovascular cavities, which in turn can accommodate larger numbers of photosynthesizing symbionts (see Fig 4f).

Genotypic variation was also significant for all metrics, but the overall trends in response to light were consistent across
genotypes (S4 Fig). The effect of light on morphological traits was notably similar, despite the differences in acclimation
time in the nursery prior to the experiment between some of the genotypes (G1 vs G2&3).This suggests any impact of
pre-experiment acclimation time on our results was minimal.

In contrast, genotype-by-environment interactions were uncommon, indicating less genetic variation in plasticity itself.
Significant underlying genetic variation affecting morphological traits is not uncommon in corals and is consistent with
other studies on light-associated phenotypic plasticity [e.g., 95, 96, 97]. Our results also agree with the prevalence of indi-
vidual effects in corals for other traits, such as stress tolerance [98, 99]. High underlying genetic diversity, clearly evident
in a modest sampling of genotypes, could have ramifications for the response of P. varians to climate change, as greater
standing genetic variation can lead to rapid adaptation [100, 101]. Genotypic effects may also be important for coral
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restoration, where targeted propagation efforts on individuals known to be hardier or faster growing (such as Genotype 1,
in our study) may be the best use of scarce resources [102]. And, although all three genotypes were collected in shallow
water, phylogenetic analysis of P. varians revealed that these genotypes were genetically indistinguishable from individ-
uals present on deeper reefs of up to 73 m (S1 Fig), albeit using a single mitochondrial marker which may not be able to
distinguish between cryptic species [103]. For deep reef refugia to be successful the shallow and mesophotic populations
must be genetically connected such that barriers between these two environment do not restrict movement of gametes
or larvae [104]. Beyond our genetic analysis of a handful of colonies from different depths, the degree of connectivity
between shallow and deep populations of P. varians remains unknown, but in studies of agaricids in the Caribbean differ-
ent speceis were found to be connected across both depth and islands [105]. All colonies investigated in this experiment
were collected from shallow water, whether an equivalent plastic response is recorded in colonies from deeper, lower light
depths is an important open question.

Although the growth rate of P. varians was greatest at the lowest light levels in our experiment, fragments had posi-
tive growth in each treatment, highlighting the broad light niche of P. varians. Few coral species can persist across such
a broad depth gradient, and the most abundant species (from [41] Porites rus, Goniastrea pectinata, and Echinopora
lamellosa) are all, like P. varians, plastic in morphology or physiology with respect to light [Jaubert 1977 in 82, 96, 106].
Light-driven plasticity may also allow P. varians to exploit other dark environments, such as turbid reefs, and shallow,
cryptic, shaded microhabitats that could similarly serve as potential refuges for corals whose effectiveness and ecological
relevance remain debated [104]. The increase in coral growth with decreasing light contrasts with general expectations for
coral physiology [34, 107, 108], though trends in variation of growth across depth gradients can be species-specific [109].

Plasticity of functional traits

Light is an important variable affecting coral growth. Light attenuates exponentially with depth, and is the main factor delin-
eating the mesophotic zone [110, 111]. In low light, we found new lateral growth of experimental fragments had thicker
tissues and higher symbiont fluorescence (Fig 4). In contrast, functional lipid ratio (FLR) did not change across light condi-
tions (Fig 4), nor did Symbiodiniaceae community (Fig 5).

Although P. varians maintained positive growth under a wide range of light, plasticity in other important traits such as
functional lipid ratio, the ratio of structural to storage lipids, may provide an additional and more nuanced views of how
light impacted coral health [112, 70]. In plants, altered lipid concentrations can be indicative of stressful temperatures
[113, 114] and drought [115]. During times of stress for corals, such as bleaching, the relative amount of non-polar storage
lipids can similarly decline, as energy reserves are depleted to account for the nutritional shortfall [112, 116]. However,
storage lipids may also decline when used to either fuel rapid growth [117, 66] or to offset energy demands under less
photoefficient conditions [71]. The overall lack of a relationship between FLR and light gradient in our data might reflect
the inability to separate similar changes in FLR in low light due to rapid coral growth, from similar changes in high light due
to reduced photosynthesis. Alternatively, the absence of a relationship between FLR and light may indicate that P. varians
can maintain FLR under a range of conditions that, in other species, drive substantial changes in energy use and storage
[112, 68, 71]. FLR may also provide a measure of genotype vigor in P. varians, because storage lipid was consistently
low in Genotype 3 under our experimental light conditions, which also bleached and had the slowest growth rate of all the
colonies (S3,4ab Fig).

Symbiodiniaceae fluorescence and tissue thickness also both decline during bleaching, as symbionts are compro-
mised and coral condition deteriorates [55]. In our experiment, the response of these metrics depended on the part of the
fragment analyzed. In portions of the fragment corresponding to the original fragment, tissue thickness and fluorescence
did not differ among light treatments; however, symbiont fluorescence appeared to exhibit plasticity in areas of new lateral
growth in P. varians. Areas of new lateral growth had reduced symbiont fluorescence in full sun compared to the 90%
shade treatment. In contrast, the original regions of the full-sun fragments had a more rugose skeleton (S6 Fig) with more
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pronounced ridges. Increased rugosity may have protected symbionts from light stress in full sun via self-shading, and
prevented a measurable decline in symbiont density and tissue thickness in the original fragment. In new lateral growth in
P. varians, the skeleton was thinner and ridges are less developed, perhaps this offered little protection from the stressful
high light experienced in the full sun treatments, subsequently symbiont fluorescence declined. Further, in darker condi-
tions higher symbiont fluorescence may facilitate greater capacity for photosynthesis when light is otherwise limited.
Although we recovered three different symbiont communities among our four colonies (dominated by C3, C1, and C27,
similar to those in Pavona elsewhere, see [118—120]), these symbiont communities were consistent across light treat-
ments at the end of the experiment (Fig 5). No symbiont differences between light treatments could reflect insufficient
time for community shifting/sorting over the course of the 6-month experiment. However, the consistency across samples
collected from the colony in situ (OAKBS5) suggest that in the field, within a colony, symbiont community may also persist
in different light environments. OAKBS5 is an interesting case study because the two parts of the colony that we sampled
were from what we assumed were persistent different light conditions (top and underside of a shallow ledge), and yet
the Symbiodiniaceae community was consistent. High symbiont community diversity among colonies in our analysis is
consistent with previous findings that P. varians is highly labile in its associations with Symbiodiniaceae [121], yet our
results suggest P. varians does not rapidly shuffle symbionts in response to light availability. The relative performance of
Symbiodiniaceae phylotypes is hard to determine, but C3 appears more stress tolerant than C1 [122]. In our experiment,
the composition of the symbiont community was not related to the low functional lipid ratio signal of Genotype 3 (S4i Fig),
as Genotype 2 and 3 were dominated by the same Symbiodiniaceae phylotype.

Light and temperature stress

Understanding the impacts of light and temperature and other stressors in a multifactorial framework is important for
predicting the future spatial distributions of corals and for management initiatives [123, 124]. Although hermatypic taxa are
generally restricted to clear, tropical water, the response of photosynthetic scleractinians to climate change depends on
their tolerance to both light and temperature, as the negative effects of both high light and temperature are evident from
many experiments [22, 125—-129]. Further, the severity of bleaching is often reduced by low light conditions, such as cloud
cover [28, 29, 130], turbidity [30-33], and in shaded microhabitats such as crevices and overhangs [131]. Indeed, deep
reefs are often not a temperature refuge ([35] and references therein), yet bleaching is often reduced at depth [24-27].
Indeed, a recent experimental study found thermal tolerance was maintained in two common species at mesophotic light
levels, even after prolonged exposure to cooler water prior to the heat stress, suggesting that the lower light levels of
mesophotic depths may be providing protection from thermal stress [132].

The results from our model are consistent with the idea that these reductions in bleaching could be the product of
primarily reduced light stress at depth,see [35]. The model demonstrated that both light and temperature had linear,
negative effects on growth, each with similar effect sizes but with no interaction or evidence of a synergistic effect. Thus,
for P. varians, low light may mitigate the negative consequences of high temperatures on coral growth, without impacting
growth rates as in other species [133]. This could be relevant at two scales for this species: within the colony, and across
depth. First, by supporting the proposed adaptive role of increased ridge formation in high light conditions shading zoo-
xanthellae, and thereby reducing the negative effects of increased irradiance. And second, by highlighting the importance
of low light environments (such as deeper depths or overhangs) as refuges for P. varians [134]. The lowest light treatment
never became limiting for P. varians in our experiment, which contrasts with other species impacted by less modest light
reductions [135, 133]. We found that P. varians continued to grow at Hawai‘i bleaching temperatures (at or above 28°C as
defined by NOAA) in 90% shade (equivalent to ~ 50 m depth), whereas growth was halted in full sunlight (~0.5 m depth)
at the same temperature. Although we did not monitor light in the most functionally relevant unit (PAR), the HOBO loggers
demonstrate an order-of-magnitude variation in light in this experiment. This difference in light encompasses the full spec-
trum of irradiance that can sustain shallow-water, coral reef accretion [136]. Lastly, flow, especially at moderate rates, can
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reduce the harmful effects of temperature in experimental settings and should be considered when discussing bleaching
and recovery in the complex conditions of natural reefs [137—139].

The shading treatments used in this study did not replicate the light conditions of mesophotic depths, which have reduced
irradiance, are spectrally different compared to shallow depths, and have a narrower light field [107]. Light wavelengths are
attenuated unevenly when descending through the water column: red-yellow are lost rapidly while blue-UV continues to pen-
etrate to deeper depths [140]. The biological consequences of this spectral loss to the corals found at mesophotic depths are
thought to be largely constrained by the limitations of the photosynthetic apparatus of Symbiodiniaceae which cannot readily
change their photopigments or photosystems [107], although Stylophora pistillata has shown adaptation to blue light [141].
Other studies have recovered chlorophyll ratio changes in corals which do not fit theoretical expectations [107, 142, 143].

Generalists in a warming world

Anthropogenic climate change is causing shifts in community composition of both terrestrial and marine biota [144—149].
While exact responses differ between ecosystems, historical extinction events and niche theory predict that generalists
are more likely than specialists to persist through the current human-induced stress event [150—152]. Shifts from special-
ists to generalists and functional homogenization in response to current climate change are already evident on land and in
the sea [153, 154].

Phenotypic plasticity plays an important role in shifts to higher altitudes observed in many mountain plant species in
response to warming temperatures at lower elevations [155, 156]. The DRRH offers a similar mechanism through which
corals could persist through periods of heat stress. In the marine environment, deeper depths correspond to not only lower
temperatures but also declines in light, an essential resource affecting coral growth. Therefore light and depth generalist
coral species may be able to use these as temperature refugia, and be disproportionately important as early colonists on
future reefs.

Our study focused on a “deep generalist” species present on reefs across a wide range of depths but which is more
abundant on deep reefs [41]. Although the extent to which the abundance of corals is limited by maximum growth rate
or environmental constraints on growth (i.e., competition and disturbance) has been rarely tested [40], the outcome of
our experiment suggests that growth rate reaction norms of P. varians may be a contributing factor to the depth-related
abundance of this species. If restricted to deep reef refuges, deep generalists like P. varians may disproportionately
contribute to future shallow water recruitment if faster growth and therefore larger colony sizes still translates into greater
larval production at depth like it does in shallower water [157,158]. But, potential increased relative abundance on shallow
reefs may be diminished by intrinsically slower growth in high light. Comparative studies that relate growth rates under
controlled conditions to field studies of realized growth on reefs for both deep and shallow generalists will be necessary to
identify taxa most likely to benefit from the DRRH.

Supporting information

S1 Fig. Bayesian phylogeny of Cox1-1-rRNA intron sequences from Agaricia, Leptoseris, and Pavona. Includes
18 published samples (DQ*,KF*, KR*:Medina et al. 2006; Luck et al. 2013; Waheed et al. 2015), the three genotypes col-
lected for this study and OAKBS5 (in bold). Tip labels indicate site, depth collected (m) where available, and sample code
or genbank accession number in parentheses. P. varians samples ordered by increasing depth of collection.

(TIF)

S2 Fig. Experimental Set Up. A. Schematic of tank set-up for the experiment. B. Photograph of the two tanks and treat-
ments. Red arrow indicates one of the experimental tiles on the suspended tray. The red numbers indicate different light
treatments: 0, 2, 4x layers of shade cloth in each treatment.

(TIF)
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S3 Fig. Experimental Conditions. Average light and temperature through time, in three light treatments. And condition
of coral colonies through time, as measured percent of total coral surface area. Each set of 3 bars corresponds to the light
treatments.

(TIF)

S$4 Fig. Genotype x Environment Interactions. Genotype by a) lateral growth rate * b) calcification rate, c) rugosity,
d) corallite density of lateral growth*, e) Symbiodiniaceae fluorescence in original fragment, f) tissue thickness in original
fragment* g) Symbiodiniaceae fluorescence in lateral growth, h) tissue thickness in lateral growth, i) functional lipid ratio.
Asterisk signifies traits with significant gxe interaction.

(TIF)

S5 Fig. Principal Components Analysis of measured traits in P. varians across three light treatments. PCA of
dimensions 1 & 2, collectively 70% of variation, arrow length corresponds to contribution of each variable to dimensions.
(TIF)

S6 Fig. Rugosity of the whole colony and the original fragment. All measurements taken at the end of the experiment.
(TIF)

S1 Text. Supplemental Methods, Results, and References. Additional information.
(DOCX)

S1 Data. Intron sequences. Cox1-1-rRNA intron sequences for three experimental genotypes and OAKBS5.
(C8V)

S2 Data. End-Point Data. End-point data from the 6-month light experiment.
(CSV)

S3 Data. Environmental Data. Temperature, light, and growth data used for linear modeling.
(CSV)

S4 Data. ITS2 Profile Keys. Key to composition of ITS2 profiles in the ITS2 abundance plots.
(C8V)

S5 Data. ITS2 Data Abundances. Abundances of each profile of ITS2 in each coral sample.
(C8V)

Acknowledgments

We thank John Burns and Van Wishingrad for help with photogrammetry methods, Ariana Huffmyer and Hannah Reich for
help with figures, and two anonymous reviewers for their constructive and helpful advice. This is contribution #1996 from
the Hawai'i Institute of Marine Biology and #11954 from the School of Ocean and Earth Science and Technology at the
University of Hawai’i at Manoa.

Author contributions
Conceptualization: Claire J. Lewis, Peter B. Marko.
Data curation: Claire J. Lewis, Shayle B. Matsuda, Tayler L. Sale, Caitlyn Genovese, Jake M. Ferguson.

Formal analysis: Claire J. Lewis, Shayle B. Matsuda, Tayler L. Sale, Caitlyn Genovese, Jake M. Ferguson, Amy L.
Moran.

PLOS One | https:/doi.org/10.1371/journal.pone.0326069  July 1, 2025 17 /24



http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0326069.s003
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0326069.s004
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0326069.s005
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0326069.s006
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0326069.s007
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0326069.s008
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0326069.s009
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0326069.s010
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0326069.s011
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0326069.s012

PLO\Sﬁ\\.- One

Funding acquisition: Claire J. Lewis, Shayle B. Matsuda, Peter B. Marko.

Investigation: Claire J. Lewis, Shayle B. Matsuda, Tayler L. Sale, Caitlyn Genovese, Chelsea S. Wolke, Norton Chan,
Stephen Ranson, Peter B. Marko.

Methodology: Claire J. Lewis, Shayle B. Matsuda, Tayler L. Sale, Caitlyn Genovese, Chelsea S. Wolke, Norton Chan,
Stephen Ranson, Jake M. Ferguson, Peter B. Marko.

Supervision: Amy L. Moran, David A. Gulko, Peter B. Marko.

Validation: Jake M. Ferguson, Amy L. Moran, David A. Gulko, Peter B. Marko.
Visualization: Claire J. Lewis, Jake M. Ferguson.

Writing — original draft: Claire J. Lewis, Peter B. Marko.

Writing — review & editing: Claire J. Lewis, Shayle B. Matsuda, Tayler L. Sale, Caitlyn Genovese, Chelsea S. Wolke,
Norton Chan, Stephen Ranson, Jake M. Ferguson, Amy L. Moran, David A. Gulko, Peter B. Marko.

References
1. Levins R. Theory of fitness in a heterogeneous environment. II. Developmental flexibility and niche selection. Am Nat. 1963;893:75-90.
2. Bradshaw AD. Evolutionary significance of phenotypic plasticity in plants. Adv Genet. 1965;13:115-55.

3. Sultan SE. Plasticity as an intrinsic property of organisms. In: Pfennig D, editor. Phenotypic Plasticity and Evolution: Causes, Consequences, Con-

troversies. Boca Raton, Florida: CRC Press. 2021. p. 3-24.
4. Funk JL. Differences in plasticity between invasive and native plants from a low resource environment. J Ecol. 2008;96:1162-73.

5. Sheth SN, Angert AL. The evolution of environmental tolerance and range size: a comparison of geographically restricted and widespread Mimulus.

Evolution. 2014;68(10):2917-31. https://doi.org/10.1111/ev0.12494 PMID: 25066881

6. Chazdon RL, Kaufmann S. Plasticity of leaf anatomy of two rainforest shrubs in relation to photosynthetic light acclimation. Funct Ecol.
1993;7(4):385-94.

7. Valladares F, Wright SJ, Lasso E, Kitajima K, Pearcy RW. Plastic phenotypic response to light of 16 congeneric shrubs from a panamanian rainfor-

est. Ecology. 2000;81(7):1925-36. https://doi.org/10.1890/0012-9658(2000)081[1925:pprtlo]2.0.co;2

8. Vazquez DP, Gianoli E, Morris WF, Bozinovic F. Ecological and evolutionary impacts of changing climatic variability. Biol Rev Camb Philos Soc.
2017;92(1):22—42. https://doi.org/10.1111/brv.12216 PMID: 26290132

9. Lande R. Adaptation to an extraordinary environment by evolution of phenotypic plasticity and genetic assimilation. J Evol Biol. 2009;22(7):1435—
46. https://doi.org/10.1111/j.1420-9101.2009.01754.x PMID: 19467134

10. Chevin L-M, Lande R, Mace GM. Adaptation, plasticity, and extinction in a changing environment: towards a predictive theory. PLoS Biol.
2010;8(4):e1000357. https://doi.org/10.1371/journal.pbio.1000357 PMID: 20463950

11. Vitasse Y, Bresson CC, Kremer A, Michalet R, Delzon S. Quantifying phenological plasticity to temperature in two temperate tree species. Funct
Ecol. 2010;24:1211-8.

12. Kingsbury KM, Gillanders BM, Booth DJ, Nagelkerken I. Trophic niche segregation allows range-extending coral reef fishes to co-exist with temper-

ate species under climate change. Global Change Biology. 2019;26:721-33.
13. Parmesan C. Ecological and evolutionary responses to recent climate change. Annu Rev Ecol Evol Syst. 2006;37:637—69.

14. Nicotra AB, Atkin OK, Bonser SP, Davidson AM, Finnegan EJ, Mathesius U, et al. Plant phenotypic plasticity in a changing climate. Trends Plant
Sci. 2010;15(12):684-92. https://doi.org/10.1016/j.tplants.2010.09.008 PMID: 20970368

15. Rossi S. The destruction of the ‘animal forests’ in the oceans: Towards an over-simplification of the benthic ecosystems. Ocean & Coastal Manage-

ment. 2013;84:77-85. https://doi.org/10.1016/j.ocecoaman.2013.07.004

16. Pérez-Ramos IM, Matias L, Gémez-Aparicio L, Godoy O. Functional traits and phenotypic plasticity modulate species coexistence across contrast-

ing climatic conditions. Nat Commun. 2019;10(1):2555. https://doi.org/10.1038/s41467-019-10453-0 PMID: 31186418
17. Glynn PW. Coral reef bleaching: Facts, hypotheses and implications. Global Change Biology. 1996;2(6):495-509.

18. Bongaerts P, Ridgway T, Sampayo EM, Hoegh-Guldberg O. Assessing the ‘deep reef refugia’ hypothesis: focus on Caribbean reefs. Coral Reefs.
2010;29(2):309-27. https://doi.org/10.1007/s00338-009-0581-x

19. Kahng SE, Garcia-Sais JR, Spalding HL, Brokovich E, Wagner D, Weil E, et al. Community ecology of mesophotic coral reef ecosystems. Coral
Reefs. 2010;29(2):255-75. https://doi.org/10.1007/s00338-010-0593-6

20. Rocha LA, Pinheiro HT, Shepherd B, Papastamatiou YP, Luiz OJ, Pyle RL, et al. Mesophotic coral ecosystems are threatened and ecologically
distinct from shallow water reefs. Science. 2018;361(6399):281—4. https://doi.org/10.1126/science.aaq1614 PMID: 30026226

PLOS One | https://doi.org/10.1371/journal.pone.0326069  July 1, 2025 18/24



https://doi.org/10.1111/evo.12494
http://www.ncbi.nlm.nih.gov/pubmed/25066881
https://doi.org/10.1890/0012-9658(2000)081[1925:pprtlo]2.0.co;2
https://doi.org/10.1111/brv.12216
http://www.ncbi.nlm.nih.gov/pubmed/26290132
https://doi.org/10.1111/j.1420-9101.2009.01754.x
http://www.ncbi.nlm.nih.gov/pubmed/19467134
https://doi.org/10.1371/journal.pbio.1000357
http://www.ncbi.nlm.nih.gov/pubmed/20463950
https://doi.org/10.1016/j.tplants.2010.09.008
http://www.ncbi.nlm.nih.gov/pubmed/20970368
https://doi.org/10.1016/j.ocecoaman.2013.07.004
https://doi.org/10.1038/s41467-019-10453-0
http://www.ncbi.nlm.nih.gov/pubmed/31186418
https://doi.org/10.1007/s00338-009-0581-x
https://doi.org/10.1007/s00338-010-0593-6
https://doi.org/10.1126/science.aaq1614
http://www.ncbi.nlm.nih.gov/pubmed/30026226

PLO\Sﬁ\\.- One

21.

22.
23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

42.

43.

44.

45.

46.

Hughes TP, Kerry JT, Alvarez-Noriega M, Alvarez-Romero JG, Anderson KD, Baird AH, et al. Global warming and recurrent mass bleaching of
corals. Nature. 2017;543(7645):373—7. https://doi.org/10.1038/nature21707 PMID: 28300113

Jokiel PL, Coles SL. Effects of temperature on the mortality and growth of Hawaiian reef corals. Mar Biol. 1977;43:201-8.

Roth MS. The engine of the reef: photobiology of the coral-algal symbiosis. Front Microbiol. 2014;5:422. https://doi.org/10.3389/fmicb.2014.00422
PMID: 25202301

Garcia-Sais JR, Williams SM, Amirrezvani A. Mortality, recovery, and community shifts of scleractinian corals in Puerto Rico one decade after the
2005 regional bleaching event. Peerd. 2017;5:€3611. https://doi.org/10.7717/peer|.3611 PMID: 28761791

Frade PR, Bongaerts P, Englebert N, Rogers A, Gonzalez-Rivero M, Hoegh-Guldberg O. Deep reefs of the Great Barrier Reef offer limited thermal
refuge during mass coral bleaching. Nat Commun. 2018;9(1):3447. https://doi.org/10.1038/s41467-018-05741-0 PMID: 30181537

Baird AH, Madin JS, Alvarez-Noriega M, Fontoura L, Kerry JT, Kuo CY. A decline in bleaching suggests that depth can provide a refuge from global
warming in most coral taxa. Mar Ecol Prog Ser. 2018;603:257-64.

Couch CS, Burns JHR, Liu G, Steward K, Gutlay TN, Kenyon J, et al. Mass coral bleaching due to unprecedented marine heatwave in Pap-
ahanaumokuakea Marine National Monument (Northwestern Hawaiian Islands). PLoS One. 2017;12(9):e0185121. https://doi.org/10.1371/journal.
pone.0185121 PMID: 28953909

Mumby PJ, Chisholm JRM, Edwards AL, Andrefouet S, Jaubert J. Cloudy weather may have saved Society Island reef corals during the 1998
ENSO event. Mar Ecol Prog Ser. 2001;222:209-16.

Donner SD, Carilli J. Resilience of Central Pacific reefs subject to frequent heat stress and human disturbance. Sci Rep. 2019;9(1):3484. https:/
doi.org/10.1038/s41598-019-40150-3 PMID: 30837608

Golbuu Y, van Woesik R, Richmond RH, Harrison P, Fabricius KE. River discharge reduces reef coral diversity in Palau. Mar Pollut Bull.
2011;62(4):824-31. https://doi.org/10.1016/j.marpolbul.2010.12.015 PMID: 21251680

Woesik R, Houk P, Isechal AL, Idechong JW, Victor S, Golbuu Y. Climate-change refugia in the sheltered bays of Palau: analogs of future reefs.
Ecol Evol. 2012;2(10):2474—-84. https://doi.org/10.1002/ece3.363 PMID: 23145333

Morgan KM, Perry CT, Johnson JA, Smithers SG. Nearshore Turbid-Zone Corals Exhibit High Bleaching Tolerance on the Great Barrier Reef Fol-
lowing the 2016 Ocean Warming Event. Front Mar Sci. 2017;4. https://doi.org/10.3389/fmars.2017.00224

Teixeira CD, Leitdo RLL, Ribeiro FV, Moraes FC, Neves LM, Bastos AC, et al. Sustained mass coral bleaching (2016—2017) in Brazilian
turbid-zone reefs: taxonomic, cross-shelf and habitat-related trends. Coral Reefs. 2019;38(4):801-13. https://doi.org/10.1007/s00338-019-01789-6
Pratchett MS, Anderson KD, Hoogenboom MO, Widman E, Baird AH, Pandolfi JM. Spatial, temporal and taxonomic variation in coral growth—
implications for the structure and function of coral reef ecosystems. In: Hughes RN, Hughes DJ, Smith IP, Dale AC, editors. Oceanography and
Marine Biology: An Annual Review. Boca Raton: Taylor & Francis. 2015. p. 215-95.

Venegas RM, Oliver T, Liu G, Heron SF, Clark SJ, Pomeroy N, et al. The Rarity of Depth Refugia from Coral Bleaching Heat Stress in the Western
and Central Pacific Islands. Sci Rep. 2019;9(1):19710. https://doi.org/10.1038/s41598-019-56232-1 PMID: 31873188

Ban SS, Graham NAJ, Connolly SR. Evidence for multiple stressor interactions and effects on coral reefs. Glob Chang Biol. 2014;20(3):681-97.
https://doi.org/10.1111/gcb.12453 PMID: 24166756

Ellis JI, Jamil T, Anlauf H, Coker DJ, Curdia J, Hewitt J, et al. Multiple stressor effects on coral reef ecosystems. Glob Chang Biol.
2019;25(12):4131-46. https://doi.org/10.1111/gcb.14819 PMID: 31482629

Coles SL, Jokiel PL. Synergistic effects of temperature, salinity and light on the hermatypic coral Montipora verrucosa. Mar Biol. 1978;49:187-95.

Fitt W, Brown B, Warner M, Dunne R. Coral bleaching: interpretation of thermal tolerance limits and thermal thresholds in tropical corals. Coral
Reefs. 2001;20(1):51-65. https://doi.org/10.1007/s003380100146

Kahng SE, Hochberg EJ, Apprill A, Wagner D, Luck DG, Perez D. Efficient light harvesting in deep-water zooxanthellate corals. Mar Ecol Prog Ser.
2012;455:65-77.

Roberts TE, Bridge TCL, Caley MJ, Madin JS, Baird AH. Resolving the depth zonation paradox in reef-building corals. Ecology.
2019;100(8):e02761. https://doi.org/10.1002/ecy.2761 PMID: 31125422

Montgomery AD, Fenner D, Donahue MJ, Toonen RJ. Community similarity and species overlap between habitats provide insight into the deep reef
refuge hypothesis. Sci Rep. 2021;11(1):1-15.

Chow GSE, Chan YKS, Jain SS, Huang D. Light limitation selects for depth generalists in urbanised reef coral communities. Mar Environ Res.
2019;147:101-12. https://doi.org/10.1016/j.marenvres.2019.04.010 PMID: 31029435

Soto D, De Palmas S, Ho MJ, Denis V, Chen CA. Spatial variation in the morphological traits of Pocillopora verrucosa along a depth gradient in
Taiwan. PLoS One. 2018;13(8):€0202586. https://doi.org/10.1371/journal.pone.0202586 PMID: 30118513

De Palmas S, Denis V, Soto D, Lin YV, Ho M-J, Chen CA. Scleractinian diversity in the upper mesophotic zone of Ludao (Taiwan): a museum
collection with new records from Taiwanese waters. Mar Biodivers. 2021;51(5). https://doi.org/10.1007/s12526-021-01210-y

Verrill AH. List of the polyps and corals sent by the Museum of Comparative Zoology to other institutions in exchange, with annotations. Bull Mus
Comp Zool. 1864;1:29-60.

PLOS One | https:/doi.org/10.1371/journal.pone.0326069  July 1, 2025 19/24



https://doi.org/10.1038/nature21707
http://www.ncbi.nlm.nih.gov/pubmed/28300113
https://doi.org/10.3389/fmicb.2014.00422
http://www.ncbi.nlm.nih.gov/pubmed/25202301
https://doi.org/10.7717/peerj.3611
http://www.ncbi.nlm.nih.gov/pubmed/28761791
https://doi.org/10.1038/s41467-018-05741-0
http://www.ncbi.nlm.nih.gov/pubmed/30181537
https://doi.org/10.1371/journal.pone.0185121
https://doi.org/10.1371/journal.pone.0185121
http://www.ncbi.nlm.nih.gov/pubmed/28953909
https://doi.org/10.1038/s41598-019-40150-3
https://doi.org/10.1038/s41598-019-40150-3
http://www.ncbi.nlm.nih.gov/pubmed/30837608
https://doi.org/10.1016/j.marpolbul.2010.12.015
http://www.ncbi.nlm.nih.gov/pubmed/21251680
https://doi.org/10.1002/ece3.363
http://www.ncbi.nlm.nih.gov/pubmed/23145333
https://doi.org/10.3389/fmars.2017.00224
https://doi.org/10.1007/s00338-019-01789-6
https://doi.org/10.1038/s41598-019-56232-1
http://www.ncbi.nlm.nih.gov/pubmed/31873188
https://doi.org/10.1111/gcb.12453
http://www.ncbi.nlm.nih.gov/pubmed/24166756
https://doi.org/10.1111/gcb.14819
http://www.ncbi.nlm.nih.gov/pubmed/31482629
https://doi.org/10.1007/s003380100146
https://doi.org/10.1002/ecy.2761
http://www.ncbi.nlm.nih.gov/pubmed/31125422
https://doi.org/10.1016/j.marenvres.2019.04.010
http://www.ncbi.nlm.nih.gov/pubmed/31029435
https://doi.org/10.1371/journal.pone.0202586
http://www.ncbi.nlm.nih.gov/pubmed/30118513
https://doi.org/10.1007/s12526-021-01210-y

PLO\Sﬁ\\.- One

47.

48.
49.

50.
51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Luck DG, Forsman ZH, Toonen RJ, Leicht SJ, Kahng SE. Polyphyly and hidden species among Hawai’i’'s dominant mesophotic coral genera, Lep-
toseris and Pavona (Scleractinia: Agariciidae). PeerdJ. 2013;1:e132. https://doi.org/10.7717/peerj.132 PMID: 24032091

Sheppard CR. Biodiversity patterns in Indian Ocean corals, and effects of taxonomic error in data. Biodivers Conserv. 1998;7(7):847-68.

Dietzel A, Bode M, Connolly SR, Hughes TP. The population sizes and global extinction risk of reef-building coral species at biogeographic scales.
Nat Ecol Evol. 2021;5(5):663-9. https://doi.org/10.1038/s41559-021-01393-4 PMID: 33649542

JEN V e r o n. Corals of the World. Townsville: Australian Institute of Marine Science. 2000.

JEN V, Pichon M. Scleractinia of Eastern Australia. Part Ill. Families Agaraciidae, Siderastreidae, Fungiidae, Oculinidae, Merulinidae, Mussidae,
Pectiniidae, Caryophyllidae, Dendrophyllidae. Australian Institute of Marine Science. 1980.

Wells JW. Recent corals of the Marshall Islands: An ecologic and taxonomic analysis of living reef- and non-reef-building corals at Bikini and other
Marshall Islands atolls. Oceanography (biologic), Part 2. 1954;:385-486.

Darling ES, Alvarez-Filip L, Oliver TA, McClanahan TR, C6té IM, Bellwood D. Evaluating life-history strategies of reef corals from species traits.
Ecol Lett. 2012;15(12):1378-86. https://doi.org/10.1111/j.1461-0248.2012.01861.x PMID: 22938190

Padilla-Gamifio JL, Roth MS, Rodrigues LJ, Bradley CJ, Bidigare RR, Gates RD. Ecophysiology of mesophotic reef-building corals in Hawai'‘i is
influenced by symbiont—host associations, photoacclimatization, trophic plasticity, and adaptation. Limnol Oceanogr. 2019;64(5):1980-95.

Huffmyer AS, Matsuda SB, Eggers AR, Lemus JD, Gates RD. Evaluation of laser scanning confocal microscopy as a method for characterizing
reef-building coral tissue thickness and Symbiodiniaceae fluorescence. J Exp Biol. 2020;223(Pt 6):jeb220335. https://doi.org/10.1242/jeb.220335
PMID: 32098888

Leuzinger S, Anthony KRN, Willis BL. Reproductive energy investment in corals: scaling with module size. Oecologia. 2003;136(4):524—31. https://
doi.org/10.1007/s00442-003-1305-5 PMID: 12802676

Madin JS, Hoogenboom MO, Connolly SR. Integrating physiological and biomechanical drivers of population growth over environmental gradients
on coral reefs. J Exp Biol. 2012;215(Pt 6):968-76. https://doi.org/10.1242/jeb.061002 PMID: 22357590

Cété IM, Darling ES. Rethinking ecosystem resilience in the face of climate change. PLoS Biol. 2010;8(7):e1000438. https://doi.org/10.1371/jour-
nal.pbio.1000438 PMID: 20668536

Tagliafico A, Baker P, Kelaher B, Ellis S, Harrison D. The Effects of Shade and Light on Corals in the Context of Coral Bleaching and Shading Tech-
nologies. Front Mar Sci. 2022;9. https://doi.org/10.3389/fmars.2022.919382

Jokiel PL, Maragos JE, Franzisket L. Coral growth: buoyancy weight technique. In: Stoddart DR, Johannnes RE, editors. Coral Reefs: Research
Methods. Paris: UNESCO. 1978. p. 529-42.

Heyward AJ, Collins JD. Fragmentation in Montipora ramosa: the genet and ramet concept applied to a reef coral. Coral Reefs. 1985;4(1):35—40.
https://doi.org/10.1007/bf00302202

Remondino F, Del Pizzo S, Kersten T, Troisi S. Low-Cost and Open-Source Solutions for Automated Image Orientation — A Critical Overview.
In: loannides M, Fritsch D, Leissner J, Davies R, Remondino F, Caffo R, editors. Progress in Cultural Heritage Preservation. Berlin, Heidelberg:
Springer. 2012. p. 40-54.

Burns J, Delparte D, Gates RD, Takabayashi M. Integrating structure-from-motion photogrammetry with geospatial software as a novel technique
for quantifying 3D ecological characteristics of coral reefs. Peerd. 2015;3:e1077. https://doi.org/10.7717/peerj.1077 PMID: 26207190

Ferrari R, Figueira WF, Pratchett MS, Boube T, Adam A, Kobelkowsky-Vidrio T, et al. 3D photogrammetry quantifies growth and external erosion of
individual coral colonies and skeletons. Sci Rep. 2017;7(1):16737. https://doi.org/10.1038/s41598-017-16408-z PMID: 29196651

Conlan JA, Rocker MM, Francis DS. A comparison of two common sample preparation techniques for lipid and fatty acid analysis in three different
coral morphotypes reveals quantitative and qualitative differences. PeerJ. 2017;5:€3645. https://doi.org/10.7717/peer|.3645 PMID: 28785524

Sale TL, Hunter CL, Hong C, Moran AL. Morphology, lipid composition, and reproduction in growth anomalies of the reef-building coral Porites
evermanni and Porites lobata. Coral Reefs. 2019;38(5):881-93. https://doi.org/10.1007/s00338-019-01811-x

Rodrigues LJ, Grottoli AG, Pease TK. Lipid class composition of bleached and recovering Porites compressa Dana, 1846 and Montipora capitata
Dana, 1846 corals from Hawai‘i. J Exp Mar Biol Ecol. 2008;358:136—43.

Hinrichs S, Patten NL, Allcock RJN, Saunders SM, Strickland D, Waite AM. Seasonal variations in energy levels and metabolic processes
of two dominant Acropora species (A. spicifera and A. digitifera) at Ningaloo Reef. Coral Reefs. 2013;32(3):623-35. https://doi.org/10.1007/
s00338-013-1027-z

Arai |, Kato M, Heyward A, lkeda Y, lizuka T, Maruyama T. Lipid composition of positively buoyant eggs of reef building corals. Coral Reefs.
1993;12(2):71-5. https://doi.org/10.1007/bf00302104

Cooper TF, Gilmour JP, Fabricius KE. Bioindicators of changes in water quality on coral reefs: review and recommendations for monitoring pro-
grammes. Coral Reefs. 2009;28(3):589-606. https://doi.org/10.1007/s00338-009-0512-x

Cooper TF, Lai M, Ulstrup KE, Saunders SM, Flematti GR, Radford B, et al. Symbiodinium genotypic and environmental controls on lipids in reef
building corals. PLoS One. 2011;6(5):e20434. https://doi.org/10.1371/journal.pone.0020434 PMID: 21637826

Pochon X, Pawlowski J, Zaninetti L, Rowan R. High genetic diversity and relative specificity among Symbiodinium-like endosymbiotic dinoflagel-
lates in soritid foraminiferans. Mar Biol. 2001;139(6):1069—-78.

PLOS One | https://doi.org/10.1371/journal.pone.0326069  July 1, 2025 20/24



https://doi.org/10.7717/peerj.132
http://www.ncbi.nlm.nih.gov/pubmed/24032091
https://doi.org/10.1038/s41559-021-01393-4
http://www.ncbi.nlm.nih.gov/pubmed/33649542
https://doi.org/10.1111/j.1461-0248.2012.01861.x
http://www.ncbi.nlm.nih.gov/pubmed/22938190
https://doi.org/10.1242/jeb.220335
http://www.ncbi.nlm.nih.gov/pubmed/32098888
https://doi.org/10.1007/s00442-003-1305-5
https://doi.org/10.1007/s00442-003-1305-5
http://www.ncbi.nlm.nih.gov/pubmed/12802676
https://doi.org/10.1242/jeb.061002
http://www.ncbi.nlm.nih.gov/pubmed/22357590
https://doi.org/10.1371/journal.pbio.1000438
https://doi.org/10.1371/journal.pbio.1000438
http://www.ncbi.nlm.nih.gov/pubmed/20668536
https://doi.org/10.3389/fmars.2022.919382
https://doi.org/10.1007/bf00302202
https://doi.org/10.7717/peerj.1077
http://www.ncbi.nlm.nih.gov/pubmed/26207190
https://doi.org/10.1038/s41598-017-16408-z
http://www.ncbi.nlm.nih.gov/pubmed/29196651
https://doi.org/10.7717/peerj.3645
http://www.ncbi.nlm.nih.gov/pubmed/28785524
https://doi.org/10.1007/s00338-019-01811-x
https://doi.org/10.1007/s00338-013-1027-z
https://doi.org/10.1007/s00338-013-1027-z
https://doi.org/10.1007/bf00302104
https://doi.org/10.1007/s00338-009-0512-x
https://doi.org/10.1371/journal.pone.0020434
http://www.ncbi.nlm.nih.gov/pubmed/21637826

PLO\Sﬁ\\.- One

73.

74.

75.

76.

77.
78.
79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.
92.

93.

94.

95.

96.

97.

98.

99.

Stat M, Pochon X, Cowie ROM, Gates RD. Specificity in communities of Symbiodinium in corals from Johnston Atoll. Mar Ecol Prog Ser.
2009;386:83-96.

Hume BCC, Smith EG, Ziegler M, Warrington HJM, Burt JA, LaJeunesse TC, et al. SymPortal: A novel analytical framework and platform for coral
algal symbiont next-generation sequencing ITS2 profiling. Mol Ecol Resour. 2019;19(4):1063-80. https://doi.org/10.1111/1755-0998.13004 PMID:
30740899

Bates D, Machler M, Bolker B, Walker S. Fitting linear mixed-effects models using Ime4. J Stat Softw. 2015;67(1):1-48.

Kuznetsova A, Brockhoff PB, Christensen RHB. ImerTest Package: Tests in Linear Mixed Effects Models. J Stat Soft. 2017;82(13). https://doi.
0rg/10.18637/jss.v082.i13

Lenth RV. emmeans: Estimated Marginal Means, aka Least-Squares Means. 2023.

Wickham H. ggplot2: Elegant Graphics for Data Analysis. 2nd ed. Switzerland: Springer. 2016.

Todd PA. Morphological plasticity in scleractinian corals. Biol Rev Camb Philos Soc. 2008;83(3):315-37. https://doi.org/10.1111/j.1469-
185x.2008.00045.x PMID: 18979594

Anthony KRN, Hoegh-Guldberg O. Variation in coral photosynthesis, respiration and growth characteristics in contrasting light microhabitats: an
analogue to plants in forest gaps and understoreys?. Functional Ecology. 2003;17(2):246—59. https://doi.org/10.1046/j.1365-2435.2003.00731.x

Anthony KRN, Hoogenboom MO, Connolly SR. Adaptive variation in coral geometry and the optimization of internal colony light climates. Funct
Ecol. 2005;19(1):17-26.

Todd PA, Sidle RC, Lewin-Koh NJI. An aquarium experiment for identifying the physical factors inducing morphological change in two massive
scleractinian corals. J Exp Mar Biol Ecol. 2004;299(1):97—113.

Padilla-Gamifo JL, Hanson KM, Stat M, Gates RD. Phenotypic plasticity of the coral Porites rus: acclimatization responses to a turbid environment.
J Exp Mar Biol Ecol. 2012;434-435:71-80.

Crabbe MJC, Smith DJ. Modelling variations in corallite morphology of Galaxea fascicularis coral colonies with depth and light on coastal fringing
reefs in the Wakatobi Marine National Park (S.E. Sulawesi, Indonesia). Comput Biol Chem. 2006;30(2):155-9. https://doi.org/10.1016/j.compbiol-
chem.2005.11.004 PMID: 16406815

Studivan MS, Milstein G, Voss JD. Montastraea cavernosa corallite structure demonstrates distinct morphotypes across shallow and mesophotic
depth zones in the Gulf of Mexico. PLoS One. 2019;14(3):e0203732. https://doi.org/10.1371/journal.pone.0203732 PMID: 30913227

Gomez-Campo K, Sanchez R, Martinez-Rugerio I, Yang X, Maher T, Osborne CC, et al. Phenotypic plasticity for improved light harvesting, in tan-
dem with methylome repatterning in reef-building corals. Mol Ecol. 2024;33(4):e17246. https://doi.org/10.1111/mec.17246 PMID: 38153177

Tavakoli-Kolour P, Sinniger F, Morita M, Hazraty-Kari S, Nakamura T, Harii S. Plasticity of shallow reef corals across a depth gradient. Mar Pollut
Bull. 2023;197:115792. https://doi.org/10.1016/j.marpolbul.2023.115792 PMID: 37984089

Pérez-Rosales G, Rouzé H, Pichon M, Bongaerts P, Bregere N, Carlot J, et al. Differential strategies developed by two light-dependent scleractin-
ian corals to extend their vertical range to mesophotic depths. Coral Reefs. 2024;43(5):1375-91. https://doi.org/10.1007/s00338-024-02544-2

Doherty ML, Chequer AD, Mass T, Goodbody-Gringley G. Phenotypic variability of Montastraea cavernosa and Porites astreoides along a depth
gradient from shallow to mesophotic reefs in the Cayman Islands. Coral Reefs. 2024;43(5):1173-87. https://doi.org/10.1007/s00338-024-02524-6

Conti-Jerpe IE, Thompson PD, Wong CWM, Oliveira NL, Duprey NN, Moynihan MA, et al. Trophic strategy and bleaching resistance in reef-
building corals. Sci Adv. 2020;6(15):eaaz5443. https://doi.org/10.1126/sciadv.aaz5443 PMID: 32300659

de Kroon H, Hutchings MJ. Morphological plasticity in clonal plants: The foraging concept reconsidered. J Ecol. 1995;83(1):143-52.

Finelli CM, Helmuth BST, Pentcheff ND, Wethey DS. Water flow influences oxygen transport and photosynthetic efficiency in corals. Coral Reefs.
2005;25(1):47-57. https://doi.org/10.1007/s00338-005-0055-8

Stocking JB, Rippe JP, Reidenbach MA. Structure and dynamics of turbulent boundary layer flow over healthy and algae-covered corals. Coral
Reefs. 2016;35(3):1047-59. https://doi.org/10.1007/s00338-016-1446-8

Stocking JB, Laforsch C, Sigl R, Reidenbach MA. The role of turbulent hydrodynamics and surface morphology on heat and mass transfer in cor-
als. J R Soc Interface. 2018;15(149):20180448. https://doi.org/10.1098/rsif.2018.0448 PMID: 30958231

Todd PA, Ladle RJ, Lewin-Koh NJI, Chou LM. Genotype x environment interactions in transplanted clones of the massive corals Favia speciosa
and Diploastrea heliopora. Mar Ecol Prog Ser. 2004;271:167-82.

Ow YX, Todd PA. Light-induced morphological plasticity in the scleractinian coral Goniastrea pectinata and its functional significance. Coral Reefs.
2010;29(3):797-808. https://doi.org/10.1007/s00338-010-0631-4

Fong J, Poquita-Du RC, Todd PA. Plastic responses in the coral Pocillopora acuta to extreme low-light conditions with and without food provision.
Mar Biol. 2021;168(7). https://doi.org/10.1007/s00227-021-03900-4

Edmunds PJ. Evidence that reef-wide patterns of coral bleaching may be the result of the distribution of bleaching-susceptible clones. Mar Biol.
1994;121:137-42.

Dilworth J, Caruso C, Kahkejian VA, Baker AC, Drury C. Host genotype and stable differences in algal symbiont communities explain patterns of
thermal stress response of Montipora capitata following thermal pre-exposure and across multiple bleaching events. Coral Reefs. 2020;40(1):151—
63. https://doi.org/10.1007/s00338-020-02024-3

PLOS One | https:/doi.org/10.1371/journal.pone.0326069  July 1, 2025 21/24



https://doi.org/10.1111/1755-0998.13004
http://www.ncbi.nlm.nih.gov/pubmed/30740899
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.1111/j.1469-185x.2008.00045.x
https://doi.org/10.1111/j.1469-185x.2008.00045.x
http://www.ncbi.nlm.nih.gov/pubmed/18979594
https://doi.org/10.1046/j.1365-2435.2003.00731.x
https://doi.org/10.1016/j.compbiolchem.2005.11.004
https://doi.org/10.1016/j.compbiolchem.2005.11.004
http://www.ncbi.nlm.nih.gov/pubmed/16406815
https://doi.org/10.1371/journal.pone.0203732
http://www.ncbi.nlm.nih.gov/pubmed/30913227
https://doi.org/10.1111/mec.17246
http://www.ncbi.nlm.nih.gov/pubmed/38153177
https://doi.org/10.1016/j.marpolbul.2023.115792
http://www.ncbi.nlm.nih.gov/pubmed/37984089
https://doi.org/10.1007/s00338-024-02544-2
https://doi.org/10.1007/s00338-024-02524-6
https://doi.org/10.1126/sciadv.aaz5443
http://www.ncbi.nlm.nih.gov/pubmed/32300659
https://doi.org/10.1007/s00338-005-0055-8
https://doi.org/10.1007/s00338-016-1446-8
https://doi.org/10.1098/rsif.2018.0448
http://www.ncbi.nlm.nih.gov/pubmed/30958231
https://doi.org/10.1007/s00338-010-0631-4
https://doi.org/10.1007/s00227-021-03900-4
https://doi.org/10.1007/s00338-020-02024-3

PLO\Sﬁ\\.- One

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

1.

112,

113.

114.

115.

116.

117.
118.

119.

120.

121.

122.

123.

124.

125.

126.

Barrett RDH, Schluter D. Adaptation from standing genetic variation. Trends Ecol Evol. 2008;23(1):38—44. https://doi.org/10.1016/j.
tree.2007.09.008 PMID: 18006185

Bay RA, Rose NH, Logan CA, Palumbi SR. Genomic models predict successful coral adaptation if future ocean warming rates are reduced. Sci
Adv. 2017;3(11). https://doi.org/10.1126/sciadv.1701413

Drury C, Manzello D, Lirman D. Genotype and local environment dynamically influence growth, disturbance response and survivorship in the
threatened coral, Acropora cervicornis. PLoS One. 2017;12(3):e0174000. https://doi.org/10.1371/journal.pone.0174000 PMID: 28319134

Terraneo Tl, Arrigoni R, Benzoni F, Tietbohl MD, Berumen ML. Exploring the genetic diversity of shallow-water Agariciidae (Cnidaria: Anthozoa)
from the Saudi Arabian Red Sea. Mar Biodivers. 2017;47:1065-78.

Bongaerts P, Riginos C, Brunner R, Englebert N, Smith SR, Hoegh-Guldberg O. Deep reefs are not universal refuges: Reseeding potential varies
among coral species. Sci Adv. 2017;3(2):e1602373. https://doi.org/10.1126/sciadv.1602373 PMID: 28246645

Prata KE, Riginos C, Gutenkunst RN, Latijnhouwers KRW, Sanchez JA, Englebert N, et al. Deep connections: Divergence histories with gene
flow in mesophotic Agaricia corals. Mol Ecol. 2022;31(9):2511-27. https://doi.org/10.1111/mec.16391 PMID: 35152496

Titlyanov EA, Titlyanova TV, Yamazato K. Acclimation of symbiotic reef-building corals to extremely low light. Symbiosis. 2002;33(2):125—43.

Kahng SE, Akkaynak D, Shlesinger T, Hichberg EJ, Wiedenmann J, Tamir R. Light, temperature, photosynthesis, heterotrophy, and the lower
depth limits of mesophotic coral ecosystems. In: Loya Y, Puglise KA, Bridge TCL, editors. Mesophotic Coral Ecosystems. Switzerland: Springer
Nature. 2019. p. 801-28.

Kahng S, Kishi T, Uchiyama R, Watanabe T. Calcification rates in the lower photic zone and their ecological implications. Coral Reefs.
2023;42(6):1207—-17. https://doi.org/10.1007/s00338-023-02410-7

Groves SH, Holstein DM, Enochs IC, Kolodzeij G, Manzello DP, Brandt ME, et al. Growth rates of Porites astreoides and Orbicella franksi in
mesophotic habitats surrounding St. Thomas, US Virgin Islands. Coral Reefs. 2018;37(2):345-54. https://doi.org/10.1007/s00338-018-1660-7

Tamir R, Eyal G, Kramer N, Laverick JH, Loya Y. Light environment drives the shallow-to-mesophotic coral community transition. Ecosphere.
2019;10(9). https://doi.org/10.1002/ecs2.2839

Laverick JH, Tamir R, Eyal G, Loya LA. A generalized light-driven model of community transitions along coral reef depth gradients. Glob Ecol
Biogeogr. 2020;29:1554-64.

Saunders SM, Radford B, Bourke SA, Thiele Z, Bech T, Mardon J. A rapid method for determining lipid fraction ratios of hard corals under varying
sediment and light regimes. Environ Chem. 2005;2(4):331-6.

Degenkolbe T, Giavalisco P, Zuther E, Seiwert B, Hincha DK, Willmitzer L. Differential remodeling of the lipidome during cold acclimation in natu-
ral accessions of Arabidopsis thaliana. Plant J. 2012;72(6):972-82. https://doi.org/10.1111/tpj. 12007 PMID: 23061922

Mueller SP, Unger M, Guender L, Fekete A, Mueller MJ. Phospholipid:Diacylglycerol Acyltransferase-Mediated Triacylglyerol Synthesis Augments
Basal Thermotolerance. Plant Physiol. 2017;175(1):486-97. https://doi.org/10.1104/pp.17.00861 PMID: 28733391

Hatzig SV, Nuppenau J-N, Snowdon RJ, Schiel SV. Drought stress has transgenerational effects on seeds and seedlings in winter oilseed rape
(Brassica napus L.). BMC Plant Biol. 2018;18(1):297. https://doi.org/10.1186/s12870-018-1531-y PMID: 30470194

Bachok Z, Mfilinge P, Tsuchiya M. Characterization of fatty acid composition in healthy and bleached corals from Okinawa, Japan. Coral Reefs.
2006;25(4):545-54. https://doi.org/10.1007/s00338-006-0130-9

Yamashiro H, Oku H, Onaga K, Iwasaki H, Takara K. Coral tumors store reduced levels of lipids. J Exp Mar Biol Ecol. 2001;265:171-9.

LaJeunesse TC, Bhagooli R, Hidaka M, DeVantier L, Done T, Schmidt GW. Closely related Symbiodinium spp. differ in relative dominance in coral
reef host communities across environmental, latitudinal and biogeographic gradients. Mar Ecol Prog Ser. 2004;284:147-61.

Ladeunesse TC, Thornhill DJ, Cox EF, Stanton FG, Fitt WK, Schmidt GW. High diversity and host specificity observed among symbiotic dinofla-
gellates in reef coral communities from Hawai‘i. Coral Reefs. 2004;23(4):596—603.

Keshavmurthy S, Tang K-H, Hsu C-M, Gan C-H, Kuo C-Y, Soong K, et al. Symbiodinium spp. associated with scleractinian corals from Dongsha
Atoll (Pratas), Taiwan, in the South China Sea. PeerJ. 2017;5:2871. https://doi.org/10.7717/peer|.2871 PMID: 28133566

Cunning R, Yost DM, Guarinello ML, Putnam HM, Gates RD. Variability of Symbiodinium Communities in Waters, Sediments, and Corals of Ther-
mally Distinct Reef Pools in American Samoa. PLoS One. 2015;10(12):e0145099. https://doi.org/10.1371/journal.pone.0145099 PMID: 26713847
Swain TD, Chandler J, Backman V, Marcelino L. Consensus thermotolerance ranking for 110 Symbiodinium phylotypes: an exemplar utilization of
a novel iterative partial-rank aggregation tool with broad application potential. Funct Ecol. 2017;31(1):172-83.

Darling ES, McClanahan TR, Cété IM. Life histories predict coral community disassembly under multiple stressors. Glob Chang Biol.
2013;19(6):1930—40. https://doi.org/10.1111/gcb.12191 PMID: 23504982

Coté IM, Darling ES, Brown CJ. Interactions among ecosystem stressors and their importance in conservation. Proc Biol Sci.
2016;283(1824):20152592. https://doi.org/10.1098/rspb.2015.2592 PMID: 26865306

Lesser MP, Stochaj WR, Tapley DW, Shick JM. Bleaching in coral reef anthozoans: effects of irradiance, ultraviolet radiation, and temperature on
the activities of protective enzymes against active oxygen. Coral Reefs. 1990;8(4):225-32. https://doi.org/10.1007/bf00265015

Lesser MP, Farrell JH. Exposure to solar radiation increases damage to both host tissues and algal symbionts of corals during thermal stress.
Coral Reefs. 2004;23(3):367-77. https://doi.org/10.1007/s00338-004-0392-z

PLOS One | https://doi.org/10.1371/journal.pone.0326069  July 1, 2025 22 /24



https://doi.org/10.1016/j.tree.2007.09.008
https://doi.org/10.1016/j.tree.2007.09.008
http://www.ncbi.nlm.nih.gov/pubmed/18006185
https://doi.org/10.1126/sciadv.1701413
https://doi.org/10.1371/journal.pone.0174000
http://www.ncbi.nlm.nih.gov/pubmed/28319134
https://doi.org/10.1126/sciadv.1602373
http://www.ncbi.nlm.nih.gov/pubmed/28246645
https://doi.org/10.1111/mec.16391
http://www.ncbi.nlm.nih.gov/pubmed/35152496
https://doi.org/10.1007/s00338-023-02410-7
https://doi.org/10.1007/s00338-018-1660-7
https://doi.org/10.1002/ecs2.2839
https://doi.org/10.1111/tpj.12007
http://www.ncbi.nlm.nih.gov/pubmed/23061922
https://doi.org/10.1104/pp.17.00861
http://www.ncbi.nlm.nih.gov/pubmed/28733391
https://doi.org/10.1186/s12870-018-1531-y
http://www.ncbi.nlm.nih.gov/pubmed/30470194
https://doi.org/10.1007/s00338-006-0130-9
https://doi.org/10.7717/peerj.2871
http://www.ncbi.nlm.nih.gov/pubmed/28133566
https://doi.org/10.1371/journal.pone.0145099
http://www.ncbi.nlm.nih.gov/pubmed/26713847
https://doi.org/10.1111/gcb.12191
http://www.ncbi.nlm.nih.gov/pubmed/23504982
https://doi.org/10.1098/rspb.2015.2592
http://www.ncbi.nlm.nih.gov/pubmed/26865306
https://doi.org/10.1007/bf00265015
https://doi.org/10.1007/s00338-004-0392-z

PLO\Sﬁ\\.- One

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

Takahashi S, Nakamura T, Sakamizu M, van Woesik R, Yamasaki H. Repair machinery of symbiotic photosynthesis as the primary target of heat
stress for reef-building corals. Plant Cell Physiol. 2004;45(2):251-5. https://doi.org/10.1093/pcp/pch028 PMID: 14988497

Baird AH, Bhagooli R, Ralph PJ, Takahashi S. Coral bleaching: the role of the host. Trends Ecol Evol. 2009;24(1):16—20. https://doi.org/10.1016/j.
tree.2008.09.005 PMID: 19022522

Matsuda SB, Opalek ML, Ritson-Williams R, Gates RD, Cunning R. Symbiont-mediated tradeoffs between growth and heat tolerance are modu-
lated by light and temperature in the coral Montipora capitata. Coral Reefs. 2023;42(6):1385-94. https://doi.org/10.1007/s00338-023-02441-0

Sale TM, Marko PB, Oliver TM, Hunter CL. Assessment of acclimatization and subsequent survival of corals during repeated natural thermal
stress events in Hawai'i. Mar Ecol Prog Ser. 2019;624:65-76.

Hoogenboom MO, Frank GE, Chase TJ, Jurriaans S, Alvarez-Noriega M, Peterson K. Environmental drivers of variation in bleaching severity of
Acropora species during an extreme thermal anomaly. Frontiers in Marine Science. 2017;4:376.

Tavakoli-Kolour P, Sinniger F, Morita M, Hazraty-Kari S, Nakamura T, Harii S. Shallow corals acclimate to mesophotic depths while maintaining
their heat tolerance against ongoing climate change. Mar Pollut Bull. 2024;209(Pt B):117277. https://doi.org/10.1016/j.marpolbul.2024.117277
PMID: 39561488

Coelho VR, Fenner D, Caruso C, Bayles BR, Huang Y, Birkeland C. Shading as a mitigation tool for coral bleaching in three common Indo-Pacific
species. J Exp Mar Biol Ecol. 2017;497:152—-63.

Camp EF, Schoepf V, Mumby PJ, Hardtke LA, Rodolfo-Metalpa R, Smith DJ, et al. The Future of Coral Reefs Subject to Rapid Climate Change:
Lessons from Natural Extreme Environments. Front Mar Sci. 2018;5. https://doi.org/10.3389/fmars.2018.00004

Forsman ZH, Kimokeo BK, Bird CE, Hunter CL, Toonen RJ. Coral farming: effects of light, water motion and artificial foods. J Mar Biol Assoc U K.
2012;92(4):721-9.

Kleypas JA, Mcmanus JW, Mefiez LAB. Environmental limits to coral reef development: where do we draw the line?. Am Zool. 1999;39(1):146—
59. https://doi.org/10.1093/icb/39.1.146

Schutter M, Crocker J, Paijmans A, Janse M, Osinga R, Verreth AJ, et al. The effect of different flow regimes on the growth and metabolic rates of
the scleractinian coral Galaxea fascicularis. Coral Reefs. 2010;29(3):737—48. https://doi.org/10.1007/s00338-010-0617-2

Noisette F, Pansch C, Wall M, Wahl M, Hurd CL. Role of hydrodynamics in shaping chemical habitats and modulating the responses of coastal
benthic systems to ocean global change. Glob Chang Biol. 2022;28(12):3812-29. https://doi.org/10.1111/gcb.16165 PMID: 35298052

Lentz ME, Freel EB, Forsman ZH, Schar DWH, Toonen RJ. Flow rates alter the outcome of coral bleaching and growth experiments. Discov
Oceans. 2024;1(1). https://doi.org/10.1007/s44289-024-00034-5

Smith RC, Baker KS. Optical properties of the clearest natural waters (200-800 nm). Appl Opt. 1981;20(2):177-84. https://doi.org/10.1364/
A0.20.000177 PMID: 20309088

Mass T, Kline DI, Roopin M, Veal CJ, Cohen S, lluz D, et al. The spectral quality of light is a key driver of photosynthesis and photoadaptation
in Stylophora pistillata colonies from different depths in the Red Sea. J Exp Biol. 2010;213(Pt 23):4084—-91. https://doi.org/10.1242/jeb.039891
PMID: 21075950

Lesser MP, Slattery M, Stat M, Ojimi M, Gates RD, Grottoli A. Photoacclimatization by the coral Montastraea cavernosa in the mesophotic zone:
light, food, and genetics. Ecology. 2010;91(4):990—-1003. https://doi.org/10.1890/09-0313.1 PMID: 20462114

Nir O, Gruber DF, Einbinder S, Kark S, Tchernov D. Changes in scleractinian coral Seriatopora hystrix morphology and its endocellular Symbio-
dinium characteristics along a bathymetric gradient from shallow to mesophotic reef. Coral Reefs. 2011;30(4):1089-100. https://doi.org/10.1007/
s00338-011-0801-z

Pucko C, Beckage B, Perkins T, Keeton WS. Species shifts in response to climate change: Individual or shared responses?1,2. The Journal of the
Torrey Botanical Society. 2011;138(2):156—76. https://doi.org/10.3159/torrey-d-10-00011.1

Kopp CW, Cleland EE. Shifts in plant species elevational range limits and abundances observed over nearly five decades in a western North
America mountain range. J Veg Sci. 2014;25:135-46.

McMahon KW, McCarthy MD, Sherwood OA, Larsen T, Guilderson TP. Millennial-scale plankton regime shifts in the subtropical North Pacific
Ocean. Science. 2015;350(6267):1530-3. https://doi.org/10.1126/science.aaa9942 PMID: 26612834

Mouthon J, Daufresne M. Resilience of mollusc communities of the River Saone (eastern France) and its two main tributaries after the 2003 heat-
wave. Freshw Biol. 2015;60:2571-83.

Hughes TP, Kerry JT, Baird AH, Connolly SR, Dietzel A, Eakin CM, et al. Global warming transforms coral reef assemblages. Nature.
2018;556(7702):492—6. https://doi.org/10.1038/s41586-018-0041-2 PMID: 29670282

Fourcade Y, Astrém S, Ockinger E. Climate and land-cover change alter bumblebee species richness and community composition in subalpine
areas. Biodivers Conserv. 2019;28:639-53.

Erwin DH. The end and the beginning: recoveries from mass extinctions. Trends Ecol Evol. 1998;13(9):344-9. https://doi.org/10.1016/s0169-
5347(98)01436-0 PMID: 21238338

Dennis RLH, Dapporto L, Fattorini S, Cook LM. The generalism—specialism debate: the role of generalists in the life and death of species. Biol J
Linn Soc Lond. 2011;104:725-37.

PLOS One | https:/doi.org/10.1371/journal.pone.0326069  July 1, 2025 23/24



https://doi.org/10.1093/pcp/pch028
http://www.ncbi.nlm.nih.gov/pubmed/14988497
https://doi.org/10.1016/j.tree.2008.09.005
https://doi.org/10.1016/j.tree.2008.09.005
http://www.ncbi.nlm.nih.gov/pubmed/19022522
https://doi.org/10.1007/s00338-023-02441-0
https://doi.org/10.1016/j.marpolbul.2024.117277
http://www.ncbi.nlm.nih.gov/pubmed/39561488
https://doi.org/10.3389/fmars.2018.00004
https://doi.org/10.1093/icb/39.1.146
https://doi.org/10.1007/s00338-010-0617-2
https://doi.org/10.1111/gcb.16165
http://www.ncbi.nlm.nih.gov/pubmed/35298052
https://doi.org/10.1007/s44289-024-00034-5
https://doi.org/10.1364/AO.20.000177
https://doi.org/10.1364/AO.20.000177
http://www.ncbi.nlm.nih.gov/pubmed/20309088
https://doi.org/10.1242/jeb.039891
http://www.ncbi.nlm.nih.gov/pubmed/21075950
https://doi.org/10.1890/09-0313.1
http://www.ncbi.nlm.nih.gov/pubmed/20462114
https://doi.org/10.1007/s00338-011-0801-z
https://doi.org/10.1007/s00338-011-0801-z
https://doi.org/10.3159/torrey-d-10-00011.1
https://doi.org/10.1126/science.aaa9942
http://www.ncbi.nlm.nih.gov/pubmed/26612834
https://doi.org/10.1038/s41586-018-0041-2
http://www.ncbi.nlm.nih.gov/pubmed/29670282
https://doi.org/10.1016/s0169-5347(98)01436-0
https://doi.org/10.1016/s0169-5347(98)01436-0
http://www.ncbi.nlm.nih.gov/pubmed/21238338

PLO\Sﬁ\\.- One

152.

153.

154.

155.

156.

157.

158.

Colles A, Liow LH, Prinzing A. Are specialists at risk under environmental change? Neoecological, paleoecological and phylogenetic approaches.
Ecol Lett. 2009;12(8):849-63. https://doi.org/10.1111/j.1461-0248.2009.01336.x PMID: 19580588

Clavel J, Julliard R, Devictor V. Worldwide decline of specialist species: toward a global functional homogenization?. Frontiers in Ecol & Environ.
2010;9(4):222-8. https://doi.org/10.1890/080216

Mangels J, Fiedler K, Schneider FD, Blithgen N. Diversity and trait composition of moths respond to land use intensification in grasslands: gener-
alists replace specialists. Biodivers Conserv. 2017;26:3385-405.

Byars SG, Papst W, Hoffmann AA. Local adaptation and cogradient selection in the alpine plant, Poa hiemata, along a narrow altitudinal gradient.
Evolution. 2007;61(12):2925-41. https://doi.org/10.1111/.1558-5646.2007.00248.x PMID: 17924954

Midolo G, Wellstein C. Plant performance and survival across transplant experiments depend upon temperature and precipitation change along
elevation. J Ecol. 2019;108:2107-20.

Hall VR, Hughes TP. Reproductive Strategies of Modular Organisms: Comparative Studies of Reef- Building Corals. Ecology. 1996;77(3):950-63.
https://doi.org/10.2307/2265514

Shlesinger T, Loya Y. Sexual Reproduction of Scleractinian Corals in Mesophotic Coral Ecosystems vs. Shallow Reefs. In: Loya Y, Puglise KA,
Bridge TCL, editors. Mesophotic Coral Ecosystems. Switzerland: Springer Nature. 2019. p. 801-28.

PLOS One | https://doi.org/10.1371/journal.pone.0326069  July 1, 2025 24 /24



https://doi.org/10.1111/j.1461-0248.2009.01336.x
http://www.ncbi.nlm.nih.gov/pubmed/19580588
https://doi.org/10.1890/080216
https://doi.org/10.1111/j.1558-5646.2007.00248.x
http://www.ncbi.nlm.nih.gov/pubmed/17924954
https://doi.org/10.2307/2265514

