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INTRODUCTION

Coral reefs are undergoing rapid degradation,
with many reef-building corals facing persistent
threats and elevated risk of extinction (Pandolfi et
al. 2003, Carpenter et al. 2008). The widespread
decline of live coral cover has been largely attrib-
uted to the negative effects of global scale stressors
acting in conjunction with regional and local scale
pressures (Hughes et al. 2007, Carpenter et al.
2008). Even though particular combinations of stres-
sors have been shown to exacerbate coral mortality

(Anlauf et al. 2011, Negri et al. 2011), there is very
little experimental data on how stressors of different
geographic scales interact to drive marine demo-
graphic processes (Folke et al. 2004). Coral recruit-
ment is one such process and is critical to reversing
degradation on coral-depauperate reefs (Mumby
2009, Ritson-Williams et al. 2009). A better under-
standing of how present and future combinations of
biotic and abiotic factors affect this demographic
process is needed for the proper management of
coral reef ecosystems (Hughes et al. 2007, Mumby &
Steneck 2008).
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ABSTRACT: Both global- and regional-scale stressors are contributing to the decline of corals on
reefs across the planet. Even though many factors affect corals, we have very little data on the
relationship between multiple co-occurring stressors and their compounding effects on these
 critical ecosystem engineers. We provide evidence that under short-term exposure, the presence
of the brown alga Dictyota menstrualis has direct negative consequences for coral survival and
recruitment, while seawater elevated to +3.5°C causes sub-lethal stress and compromises coral
health. Three life-history stages (larvae, 6 wk-old juveniles [~0.15 cm2], and 1−2 yr-old colonies
[0.8-45 cm2]) of the common Caribbean coral Porites astreoides were exposed to each stressor
alone and in combination. Exposure to D. menstrualis reduced the survival of P. astreoides larvae
and 6 wk-old juveniles by ~40% and caused partial mortality in 1−2 yr-old colonies. Elevated
 temperature did not cause mortality, but induced sub-lethal stress that was disparate among coral
life-history stages. These stressors in combination predominately impacted corals in an independ-
ent manner. However, extended exposure resulted in a synergistic enhancement of oxidative
damage (lipid peroxidation) in P. astreoides larvae. Our results suggest that benthic macroalgae
can greatly inhibit coral recruitment, and this pressure combined with rising sea-surface temper-
atures re presents a significant threat to the health of coral reef ecosystems. These results highlight
the importance of local- and global-scale stressors acting in concert to impact coral demographics
 during critical early life-history stages.
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Competition for space is a critical factor in structur-
ing the distribution of organisms in many habitats
and has received extensive attention in the eco -
logical literature (Jackson & Buss 1975, Chadwick &
Morrow 2011). In particular, coral−algae interactions
are considered fundamental to the overall status of
coral reefs (Fong & Paul 2011), where macroalgal
proliferation represents a significant threat to the
functionality of coral reef ecosystems and the
 services they provide (Hughes et al. 2007, Mumby &
Steneck 2008, Mumby 2009, Barbier et al. 2011).
Increasing our knowledge of the consequences of
algal exposure on multiple life-history stages of
corals is critical to understanding the future trajec-
tory of coral abundance on many reefs. Additionally,
we have little data on the effects of macroalgal pres-
ence on the process of coral recruitment (Kuffner et
al. 2006). Macroalgal presence can inhibit coral re -
cruitment and lead to the perpetuation of alternate
stable states (Mumby & Steneck 2008, Norström et al.
2009). The mechanisms involved in coral−algae com-
petition are complex (McCook et al. 2001) and in -
clude physical factors such as abrasion and shading
(Box & Mumby 2007), as well as chemical allelopathy
(Rasher & Hay 2010, Paul et al. 2011) and microbial
induced mortality (Smith et al. 2006). Abiotic stress
associated with climate change has the potential to
interact with these mechanisms of competition to
exacerbate the competitive strength of macroalgae
over corals (Diaz-Pulido et al. 2011). However, the
impacts of climate change on competition, and other
ecological interactions in general are not well under-
stood (Harley et al. 2006).

Rising ocean temperatures associated with global
climate change represent another major threat for the
persistence of coral reefs on a global scale (Hoegh-
Guldberg et al. 2007, IPCC 2007). Since many reef-
building corals are already approaching their thermal
limits, subsequent incremental temperature in creases
can be particularly damaging to the health of coral
reef ecosystems (Hoegh-Guldberg et al. 2007). Expo-
sure to elevated temperature can break down the
mutualistic symbiosis between coral hosts and their
dinoflagellate symbionts (Weis 2008), subsequently
causing the expulsion of zooxanthellae (bleaching)
and/ or mortality of the coral holobiont (Glynn &
D’Croz 1990, Lesser 1997). Temperature perturba-
tions are also important physical factors that regulate
recruitment success for coral early life- history stages
(Edmunds et al. 2001, Edmunds 2004). Consequently,
hyperthermal stress can have significant impacts on
coral population dynamics, by causing both direct
(Glynn & D’Croz 1990), and latent mortality (Hart-

mann et al. 2013, Ross et al. 2013), and by increasing
the susceptibility of corals to the damaging effects of
biotic and abiotic factors (Bruno et al. 2007, Anlauf et
al. 2011, Negri et al. 2011).

In addition to mortality, contact with macroalgae
and elevated temperature can severely undermine
coral health (Lesser 1997, Morrow et al. 2012, Shea -
rer et al. 2012). Exposure to environmental stressors
promotes the overproduction of active oxygen such
as singlet oxygen (1O2), superoxide radicals (O2

−),
and hydrogen peroxide (H2O2) (Lesser 1997, Lesser &
Farrell 2004). Reactive oxygen species (ROS) can
readily permeate cell membranes and compromise
multiple intracellular targets including lipids, pro-
teins, and nucleic acids in coral tissue (Lesser 1997).
The resulting oxidative damage can be directly
quantified by measuring levels of lipid peroxidation
(Olsen et al. 2013, Ross et al. 2013); while the physio-
logical response of the coral holobiont can be evalu-
ated as a secondary means to detect sub-lethal stress.
These responses include the enzymatic activity of
proteins involved in the oxidative stress pathway
(Lesser 2006, Olsen et al. 2013, Ross et al. 2013) and
the transcriptional regulation of molecular chaper-
ones such as heat shock proteins that facilitate pro-
tein folding and regulate apoptosis (Rodriguez-
 Lanetty et al. 2009, Kenkel et al. 2011). Utilizing an
assemblage of cellular and molecular biomarkers can
provide insight into the effects of environmental
stress on the physiological condition of reef-building
corals, as well as the resulting impacts on ecological
and demographic processes (Downs et al. 2000).

In the Caribbean, depressed herbivory rates due to
overfishing and the massive die-off of the sea urchin
Diadema antillarum have increased macroalgal
abundance and the frequency of coral−algae inter -
actions (Hughes 1994, Rogers & Miller 2006, Mumby
& Steneck 2008). Specifically, members of the brown
macroalgal genus Dictyota are conspicuous competi-
tors that reduce coral survival (Rasher & Hay 2010),
settlement and recruitment (Kuffner et al. 2006, Box
& Mumby 2007, Paul et al. 2011). Furthermore, cli-
mate change continues to impact tropical ecosystems
and there is little information on how algal competi-
tion and climate change will interact to affect corals,
or which life-history stage is most susceptible to
these stressors. To address these critical questions,
we designed controlled experiments to evaluate the
independent and combined impacts of macroalgal
presence and elevated temperature on the common
hermatypic coral Porites astreoides at 3 different
life-history stages: larvae, juveniles (6 wk-old), and
young adults (1−2 yr-old).
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MATERIALS AND METHODS

General experimental design

Porites astreoides and Dictyota menstrualis were
chosen for this study based on their relative abun-
dance on Caribbean coral reefs, their high fre-
quency of interactions, and the ease of obtaining
brooded coral larvae from P. astreoides (Rogers &
Miller 2006, Green et al. 2008, Paul et al. 2011,
Morrow et al. 2013). A single experimental design
was used on P. astreoides larvae (latent treatment
effects were subsequently evaluated in  post-
settlement recruits after 3 wk), 6 wk-old juveniles
(~8 polyps, ~0.15 cm2), and 1−2 yr-old colonies (0.8–
45 cm2) with each stressor being tested independ-
ently and in combination. Treatments in cluded (1)
ambient temperature and a plastic algae mimic
(Control), (2) elevated temperature (+3.5°C) and a
plastic algae mimic (Heat), (3) ambient  temperature
with D. menstrualis (Algae), and (4) elevated tem-
perature (+3.5°C) with D. menstrualis (Heat+Algae).
Corals were maintained under ambient salinity
(~37 ppt) and covered by shade cloth allowing pen-
etration of 10% photosynthetic active radiation
(<200 µmol m−2 s−1).

Coral husbandry and experimental treatments

Thirty colonies of P. astreoides as well as D. men-
strualis were collected at 6 m depth from Wonder-
land reef (24° 33.62’ N, 81° 30.08’W) and an unnamed
patch reef (24° 33.14’ N, 81° 23.04’W) in the lower
Florida Keys, USA, and maintained in separate race-
way tables with running seawater. Coral larvae were
collected during the night of 18 May 2012 prior to the
new moon (21 May) when adult colonies release
brooded larvae (McGuire 1998). Adult colonies were
later returned to the site of collection and reattached
with Z-Spar Splash Zone Compound® underwater
epoxy following experimentation.

To obtain larvae, each colony was placed in an in -
dividual 3 l Rubbermaid Grip ’n Mix® bowl supplied
with continuously running seawater. The bowls were
tilted so that the larvae spilled over the handles of the
bowls into plastic tri-pour beakers fitted with a mesh
bottom (mesh diameter: 180 µm) supported 3 cm off
the raceway table bottom by 3 silicone stopper feet.
The water level inside the tanks was maintained at
15 cm so the larvae remained in the tri-pour beakers
until the next morning when larvae were pooled and
as signed to treatments.

Forty 7 l plastic aquaria served as independent
water baths and were randomly assigned to a treat-
ment (n = 10). Aquaria were maintained at either
ambient temperature (~27.5°C) or heated +3.5°C
(~31.0°C) using a 75 W adjustable aquarium heater
(Commodity Axis). Thirty percent seawater exchan -
ges were conducted 4 times each day in each aqua -
rium to prevent stagnant conditions. To assess bio-
markers of stress, every aquarium contained 150
larvae housed in an acrylic treatment chamber (10 ×
5.5 cm; with 180 µm mesh bottoms that contained
either a floating plastic alga or floating live D. men-
strualis; volume ~3 cm3, surface area ~2 cm2). Addi-
tionally, each aquarium contained a second acrylic
settlement chamber containing 100 larvae and either
plastic or live algae (volume ~3 cm3, surface area
~2 cm2) attached to the top of a single terracotta tile
that had been conditioned offshore at 6 m depth for
4 wk (4.5 × 4.5 × 1 cm; Sunshine Pavers®) to test for
larval settlement and survival. The amount of macro-
algae utilized in replicates was selected so that D.
menstrualis covered half of the available surface area
on the settlement substrate.

Fifty larvae from the biomarker chamber were
removed after 16 h of treatment for quantitative re -
verse transcription PCR (qRT-PCR) analysis of heat
shock proteins. After 48 h, 90 and 10 larvae were
removed for oxidative stress and photochemical as -
sessments, respectively. At the 68 h time point, those
larvae still swimming in settlement chambers were
also used to quantify oxidative stress. Larvae re -
moved for qRT-PCR and oxidative stress assays were
flash frozen in liquid N2 and stored at −80°C until
analysis.

Larvae were allowed to settle for 68 h, after which
the number of planula and those that settled and
underwent metamorphosis were counted. To evalu-
ate potential latent treatment effects on post-
 settlement survival, the tiles containing only new
recruits (no live algae or plastic mimics) were
arranged on fiberglass rods in a randomized block
design and attached to a patch reef (24° 34.13’ N,
81° 22.87’W; ~7 m depth) for 25 d.

For experiments on 6 wk-old corals, 50 precondi-
tioned terracotta tiles were individually placed in
plastic tri-pour containers containing ~200 larvae ori -
ginating from ~25 colonies. The larvae were allowed
to settle at ambient temperature (~27.5°C) for 1 wk,
after which the juvenile corals were reared in run-
ning seawater for 5 wk. After a total of 6 wk, the
40 tiles with the greatest number of individuals on
the top of the tile (varied from 5 to 32 corals) were
selected for experimentation (n = 10 per treatment).
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Twenty eight 1−2 yr-old colonies were raised from
newly settled larvae released from parent colonies
either in 2010 or 2011. Parent colonies were collected
from Wonderland Reef (24° 33.62’ N, 81° 30.08’W),
Big Pine Ledges (24° 33.19’ N, 81° 31.94’W) and a
third unnamed patch reef (24° 32.91’ N, 81° 31.94’W),
located in the lower Florida Keys. At the start of the
experiment each terracotta tile contained a single
colony and tiles were randomly assigned to treat-
ments (n = 7 per treatment) to control for varying
colony size and age.

Treatment effects were tested on 6 wk-old and
1−2 yr-old corals simultaneously. Forty 7 l plastic
aqua ria served as independent water baths and were
randomly assigned to one of the 4 treatments. In turn,
28 aquaria housed a tile containing 6 wk-old corals
and a second tile containing a 1−2 yr-old coral. The re-
maining 12 aquaria housed a single tile containing
6 wk-old corals. Aquaria were maintained at either
ambient tempe rature (~29.5°C) or heated +3.5°C
(~33.0°C). Thirty percent seawater exchanges were
conducted 4 times daily in each aquarium to prevent
stagnant conditions. Tiles containing 6 wk-old or
1−2 yr-old corals had either a plastic algal mimic or
live D. menstrualis (volume ~ 3 cm3, surface area ~
2 cm2) held in direct but loose contact to coral tissue to
simulate algal overgrowth on half of the terracotta tile
(Kuffner et al. 2006). Survivorship of 6 wk-old colonies
was evaluated following 7 d of treatment. Partial
colony survival of each 1−2 yr-old colony following 7 d
of treatment was calculated by dividing the surface
area of dead and bare skeleton by the total surface
area of the colony and then subtracting this ratio from
1. Surface areas were measured in duplicate using the
tracing function in ImageJ® (http://nih.gov). Follow-
ing treatment, 6 wk-old and 1−2 yr-old corals were bi -
opsied (~ 2 cm3 of tissue) directly adjacent to either
the plastic algal mimic or live alga and this sample
was flash frozen in liquid N2 and stored at −80°C for
subsequent qRT-PCR and oxidative stress assays. D.
menstrualis was visually assessed following all ex -
periments to insure that macroalgae were not com-
promised by physical manipulation.

Photochemistry

The photochemical efficiency of symbiotic zooxan-
thellae within P. astreoides larvae, 6 wk-olds and
1−2 yr-old corals was examined using pulse ampli-
tude modulated (PAM) fluorometry (Diving-PAM,
Walz). Changes in dark-adapted maximum quantum
yield (Fv/Fm = (Fm − F0)/Fm’) of PS II were assessed in

larvae using the methodology of Ross et al. (2013).
Larval replicates were placed in 25 µl of seawater
and pipetted onto the tip of the fiber-optic cable. For
analysis of 6 wk-old and 1−2 yr-old corals, the mean
of 3 individual effective quantum yield (EQY) read-
ings were taken on tissue located directly under-
neath the plastic or live algae.

Oxidative stress assays

Lipid peroxidation and catalase (CAT) activity
were utilized as quantifiable biomarkers of oxidative
stress in P. astreoides. Coral samples were thawed to
room temperature and each replicate was extracted
in 2.5 ml of buffer (50 mM potassium phosphate
buffer [pH 7.0] containing 10% [w/v] polyvinyl -
polypyrrolidone [PVP]-40, 0.25% Triton X-100, and
1% [v/v] plant cell protease inhibitor cocktail
[Sigma-Aldrich]). Samples were homo genized with a
Fast Prep 24 bead homogenizer (MP Biomedicals)
and centrifuged at 16000 × g for 10 min. The result-
ing supernatants were used for oxidative stress
assays and normalized for protein content using the
Bicinchoninic acid (BCA) Protein Assay Kit (Thermo
Scientific). Lipid hydroperoxides and CAT activity
were measured using the Lipid Hydroperoxide Assay
Kit (Cayman Chemical) and Amplex Red (Invitrogen)
respectively, as per the manufacturer’s instructions.

qRT-PCR, RNA isolation

Total RNA was isolated from larvae, 6 wk old, and
1−2 yr-old corals using the TRI reagent protocol
(Molecular Research Center, Cin cinnati, OH, USA).
Total RNA concentrations were calculated using
absorbance values of 260 and 280 nm measured with
a Bio-Tek® plate reader (Bio-Tek).

Quantitative 1-step RT-PCR

Porites sp. gene-specific primers were designed
and validated by Kenkel et al. (2011). Gene-specific
primers were diluted to 5 µM and relative standard
curves for each primer set were generated using
serial dilutions of total RNA encompassing 2 orders of
magnitude from 0.078 to 5.0 ng. RT-PCR was per-
formed utilizing 1 ng total RNA per reaction. The ap -
propriate volume from each RNA sample equivalent
to 1 ng total RNA was added to 1 µl forward primer,
1 µl reverse primer, 1.2 µl random hexamer primer

184



Olsen et al.: Combined stressors affecting coral recruitment

(Ambion Life Technologies), 12.5 µl SYBR Green
Reaction Mix® (Bio-Rad) and enough nuclease-free
water to sum to 25 µl of volume for each gene primer
set (Hsp 16, Hsp 60, and 18S). All runs were per-
formed on a MiniOpticon Real-Time PCR system®
(Bio-Rad) using the default protocol (50°C for 10 min,
95°C for 5 min, followed by 49 cycles of 95°C for 10 s,
55°C for 30 s, then 95°C for 1 min, 55°C for 1 min and
finally increments of 0.5°C for 10 s from 55.0 to
95.0°C). The expression of heat shock proteins 16
(Hsp 16) and 60 (Hsp 60) in all treatments were nor-
malized using 18S ribosomal RNA (rRNA) as a house-
keeping gene. 18S rRNA was selected as a normaliz-
ing gene on the basis that rRNA is the major
component of total RNA and has commonly been uti-
lized as a reference gene for evaluating the transcrip-
tional abundances of genes of interest (Olsen et al.
2013). 18S rRNA was evaluated between treatments
to veri fy its use as a normalizing agent.

Statistical analysis

Data from larval and 1−2 yr-old corals were ana-
lyzed using a 2-way ANOVA, with temperature and
algal presence treated as fixed factors. The effect of
juvenile density on 6 wk-old survival and EQY was
evaluated as a covariate in an ANCOVA (Vermeij &
Sandin 2008). In addition, since 7 of the 10 replicates
in the experiment on 6 wk-old corals were maintained
in aquaria containing a 1−2 yr-old colony, the
presence or ab sence of 1−2 yr-old corals was included
as a random factor in the analysis on survival and
EQY. Replicates for the remaining dependent vari-
ables (oxidative stress biomarkers and Hsp regulation)
were conducted in aquaria containing a 1−2 yr-old
colony and were analyzed using the respective
1−2 yr-old colony surface area as a covariate. Analysis
of post-settlement survival included a completely ran-
domized block design with rod treated as a random
factor. Those dependent variables with a significant
interaction term were subsequently analyzed using
multiple post-hoc t-tests and experiment-wise error
was corrected for with Bonferroni’s correction. Data
for survival, settlement, and post-settlement survival
were arcsine square root transformed prior to analysis,
since they were proportions. The normality of all vari-
ables was assessed using the Shapiro-Wilk test and
the equality of error variances was analyzed using
Levene’s test. Data that could not be transformed to
meet the assumptions of ANOVA were rank trans-
formed prior to analysis. All statistical analyses were
conducted using IBM SPSS Statistics 19.

RESULTS

Exposure to +3.5°C (Heat) seawater for 68 h did not
significantly affect larval survival (Fig. 1a), settle-
ment (Fig. 1b), or post-settlement survival (Fig. 1c)
(Table 1). However, the presence of live Dictyota
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Fig. 1. (a) Percent survival, (b) settlement, and (c) post-set-
tlement survival of coral larvae following 68 h of exposure to
treatment (survival and settlement) and subsequently 25 d
on a patch reef (post-settlement survival). Lines indicate a
significant difference between treatments based on a post-
hoc Student’s t-test and a Bonferroni corrected significance
level of α = 0.0125 (0.05/4) (see Tables S1 & S2 in the Supple-
ment at www.int-res.com/ articles/ suppl/ m509 p181_ supp. pdf). 

Bars represent mean + 1SE

http://www.int-res.com/articles/suppl/m509p181_supp.pdf
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menstrualis (algae), significantly reduced the sur-
vival of larvae from Porites astreoides (F1,36 = 110.009,
p < 0.001; Fig. 1a), deterred their settlement and
metamorphosis (F1,36 = 10.646, p = 0.002; Fig. 1b),
and reduced their post-settlement survival (F1,33 =
5.640, p = 0.041; Fig. 1c, Table 1). A summary of the
statis tical results from all para meters is given in
Tables S1 & S2 in the Supplement at www.int-res .
com/  articles/suppl/ m509 p181_ supp. pdf, as well as the
mean (±SE) temperatures of each treatment (Table S3
in the Supplement).

The photochemical efficiency (Fv/Fm) of in hospite
zooxanthellae was significantly reduced by thermal
stress (F1,36 = 40.914; p < 0.001; Table 2, Fig. S1 in the

Supplement), but was unaffected by the presence of
macroalgae (Table 2, Fig. S1). Sub-lethal stress in
coral larvae was also quantified using 2 biomarkers
of oxidative stress (CAT activity and lipid peroxida-
tion) following 2 time points of treatment exposure
(48 h and 68 h) (Table 2, Fig. S2 in the Supplement).
Ex posure to elevated temperature or live D. menstru-
alis for 48 h did not significantly impact larval CAT
activity (Table 2, Fig. S2a), yet those larvae ex posed
to the combined treatment (Heat+Algae) for 68 h
underwent a ~2.5 fold increase in CAT activity com-
pared to controls (Temp × Algae, F1,30 = 6.679, p =
0.015; Table 2, Fig. S2c), which was not different
from larvae treated with algae alone. Elevated tem-
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Life-history Dependent variable p-values of fixed factors Sample size (n)
stage Temp Algae Temp× Algae

Larvae Survival 0.304 <0.001 0.026 C=10, H=10, A=10, H+A=10
Settlement 0.414 0.002 0.405 C=10, H=10, A=10, H+A=10
Post-settlement survival 0.905 0.041 0.620 C=10, H=10, A=10, H+A=8

6 wk-old Survival 0.187 <0.001 0.491 C=10, H=9, A=10, H+A=10
1−2 yr-old Survival 0.130 <0.001 0.559 C=7, H=6, A=7, H+A=7

Table 1. Treatment effects on the survival and settlement of Porites astreoides, based on 2-way ANOVA with elevated temper-
ature and macroalgal presence as fixed factors,  significance at p < 0.05 (in bold). C: control treatment; H: heated treatment; 

A: algae treatment; H+A: heated and algae treatment

Life-history Dependent Treatment effect         p-values of fixed factors Sample size (n)
stage variable Temp Algae Temp× Algae

Larvae Fv/Fm Heat reduced Fv/Fm <0.001 0.267 0.135 C=10, H=10, A=10, H+A=10
CAT activity (48 h) No effect 0.356 0.237 0.104 C=10, H=9, A=9, H+A=10
CAT activity (68 h) C=H=A<H+A=A 0.603 0.001 0.015 C=8, H=10, A=8, H+A=8
Lipid peroxidation (48 h) Heat increased 0.008 0.943 0.058 C=6, H=4, A=5, H+A=4

lipid peroxidation
Lipid peroxidation (68 h) C=H=A<H+A 0.010 0.069 0.006 C=7, H=6, A=7, H+A=6
Hsp 16 Heat increased 0.048 0.092 0.589 C=5, H=5, A=5, H+A=5

Hsp 16
Hsp 60 No effect 0.231 0.494 0.090 C=5, H=5, A=5, H+A=5

6 wk-old EQY Algae reduced EQY 0.108 <0.001 0.957 C=10, H=9, A=10, H+A=10
CAT activity No effect 0.502 0.478 0.705 C=6, H=4, A=6, H+A=4
Lipid peroxidation Heat increased 0.015 0.634 0.878 C=6, H=4, A=5, H+A=4

lipid peroxidation
Hsp 16 No effect 0.235 0.698 0.055 C=5, H=5, A=5, H+A=5
Hsp 60 No effect 0.853 0.960 0.211 C=5, H=5, A=5, H+A=5

1−2 yr-old EQY Heat and Algae 0.016 <0.001 0.340 C=7, H=6, A=7, H+A=7
reduced EQY

CAT activity No effect 0.950 0.758 0.858 C=6, H=4, A=6, H+A=4
Lipid peroxidation No effect 0.259 0.310 0.517 C=6, H=4, A=5, H+A=4
Hsp 16 No effect 0.821 0.446 0.243 C=5, H=5, A=5, H+A=5
Hsp 60 No effect 0.942 0.884 0.158 C=5, H=5, A=5, H+A=5

Table 2. Treatment effects on sub-lethal stress in Porites astreoides, based on 2-way ANOVA with elevated temperature and macro-
algal presence as fixed factors, significance at p < 0.05 (in bold). C: control treatment; H: heated treatment; A: algae treatment; H+A:
heated and algae treatment. Groupings for dependent variables with a significant interaction term are based on multiple post-hoc 

t-tests and Bonferonni’s correction. CAT: catalase, EQY: effective quantum yield

http://www.int-res.com/articles/suppl/m509p181_supp.pdf
http://www.int-res.com/articles/suppl/m509p181_supp.pdf
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perature significantly increased lipid peroxidation in
coral larvae following 48 h (F1,15 = 7.951, p = 0.008;
Table 2, Fig. S2b). Those larvae exposed to the com-
bined treatment for 68 h demonstrated a significant
increase in lipid peroxidation compared to controls or
larvae treated with heat or live algae alone (Temp ×
Algae, F1,22 = 8.740, p = 0.006; Table 2, Fig. S2d), sug-
gesting a synergistic effect of the combined stressors.
The expression of Hsp 16 was elevated in larvae
exposed to +3.5°C (F1,16 = 4.573, p = 0.048; Table 2,
Fig. S3a in the Supplement), but Hsp 16 expression
did not change in the presence of D. menstrualis.
Neither thermal stress nor algal exposure changed
the expression of Hsp 60 (Table 2, Fig. S3b).

The survival of 6 wk-old corals was not affected by
elevated temperature (Fig. 2a), but was significantly
reduced in the presence of live D. menstrualis (F1,33 =
64.276, p < 0.001; Table 1). The photochemical effi-
ciency of 6 wk-old corals was not changed in +3.5°C
seawater (Table 2, Fig. S4 in the Supplement), but D.
menstrualis caused a significant reduction in EQY
(F1,33 = 149.551, p < 0.001). Neither thermal stress nor
algal exposure affected CAT activity in 6 wk-old
corals (Table 2, Fig. S5a in the Supplement). Sea -
water at +3.5°C significantly increased lipid peroxi-
dation in 6 wk-old corals (F1,14 = 7.732, p = 0.015;
Table 2, Fig. S5b). However, direct contact with
live D. menstrualis did not  affect lipid peroxidation.
 Neither exposure to elevated temperature, nor algal
presence significantly affected the normalized tran-
script abundances of Hsp 16 or 60 in 6 wk-old corals
(Table 2, Fig. S6 in the Supplement).

Seawater elevated +3.5°C did not significantly af -
fect the survival of 1−2 yr-old corals (F1,23 = 2.472, p =
0.130; Fig 2b), whereas corals in direct contact with
live D. menstrualis exhibited significant mortality
(F1,23 = 37.203, p < 0.001; Table 1). Both thermal stress
(F1,23 = 6.814, p = 0.016) and algal presence (F1,23 =
55.628, p < 0.001) significantly reduced the effective
quantum yield of 1−2 yr-old corals (Table 2, Fig. S7 in
the Supplement). Elevated temperature and algal ex -
posure did not significantly affect CAT activity, lipid
peroxidation or the normalized expression of Hsp 16
or 60 in 1−2 yr-old corals (Table 2, Figs. S8 & S9 in the
Supplement).

DISCUSSION

Modern and future coral reefs face an unprece-
dented combination of threats. To properly manage
these habitats we need to understand how each of
these stressors will interact to cause stress and mor-

tality. Our results show that predicted increases in
temperature caused sub-lethal stress to corals, while
the presence of the brown alga Dictyota menstrualis
reduced their survival and recruitment. These re -
sults highlight the distinct impacts of separate co-
 occurring stressors on a critical coral reef demo-
graphic process (Ritson-Williams et al. 2009).

Larval supply, settlement, and subsequent growth
to maturity are key steps in the process of coral
recruitment (Hughes & Tanner 2000, Ritson-Williams
et al. 2009). D. menstrualis killed ~40% of P. astreo -
ides larvae and reduced their settlement by ~20%
(Fig. 1). Exposure to the macroalga also had a latent
effect on post-settlement survival, further reducing
the number of coral recruits. Dictyota spp. can re -
duce the survival and settlement of coral larvae
(Kuffner et al. 2006), likely through allelopathic sec-
ondary metabolites (Paul et al. 2011). While we con-
sistently see a negative effect of Dictyota spp. on P.
astreoides larvae, some macroalgae have a greater
impact on coral recruitment than others, and this
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Fig. 2. Percent (a) survival of 6 wk-old colonies and (b) par-
tial survival of 1−2 yr-old colonies following 7 d of exposure 

to treatments. Bars represent mean + 1SE
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seems to be species-specific for each coral−algae
interaction (Kuffner et al. 2006, Birrell et al. 2008).
The re-establishment of coral cover on coral-
 de pauperate reefs is greatly dependent on the ability
of coral larvae to recruit in the presence of macro-
algae (Hughes et al. 2007, Birrell et al. 2008, Mumby
2009). However, our results indicate that macroalgal
pro liferation can cause significant bottlenecks in
recruiting corals, which can significantly inhibit coral
re plenishment and perpetuate  alternate stable states
(Birrell et al. 2008).

Six wk-old and 1−2 yr-old colonies held in direct
contact with D. menstrualis also exhibited significant
mortality (Fig. 2, Table 1). Tissue death was localized
to areas where D. menstrualis was directly touching
P. astreoides, suggesting that the deleterious effects
of macroalgal exposure were induced through direct
contact rather than mere proximity (Rasher & Hay
2010, Rasher et al. 2011). PAM fluorometry was uti-
lized to supplement visual assessments of colony sur-
vival and focused on areas of coral tissue that were in
direct contact with macroalgae. The EQY of 6 wk-old
and 1−2 yr-old coral colonies exposed to D. menstru-
alis paralleled visual assessments of coral survival
and reflected values indicative of colony mortality
(Rasher & Hay 2010, Rasher et al. 2011). Plastic algal
mimics had little effect on coral survival, suggest -
ing that mortality was due to more than physical
mechanisms and likely included modification of
the microbiological local environment and/or allelo-
pathic ef fects (Ra sher & Hay 2010, Morrow et al.
2012). Abrasion and shading can also be important
physical factors in coral−algae interactions, and our
results likely underestimate the complete effects of
macroalgal competition on recruiting corals (Box &
Mumby 2007). The consistent impact of D. menstru-
alis presence on the survival of P. astreoides across
multiple life-history stages emphasizes the degree of
competitive exclusion exerted by some macroalgae
on corals for space and resources (Nugues & Bak 2006).

While D. menstrualis exposure caused coral mor-
tality in every life-history stage examined, we pre-
dominately detected no sub-lethal stress in P. astreo -
ides as a result of macroalgal presence (Table 2).
However, exposure to D. menstrualis for extended
duration (68 h) did increase the activity of CAT in P.
astreoides larvae. Contact with macroalgae can pro-
mote the overproduction and accumulation of harm-
ful ROS in corals, resulting in increased enzymatic
activity of proteins involved in the oxidative stress
response, including glutathione-S-transferase and
superoxide dismutase (Morrow et al. 2012, Shearer et
al. 2012). Similarly, catalase is an enzyme that dismu-

tates H2O2 into H2O and O2, and its activity reflects
the response of the coral holobiont to elevated con-
centrations of ROS (Halliwell 2006, Ross et al. 2010,
Olsen et al. 2013). Furthermore, the absence of cellu-
lar and molecular responses in visually compromised
1−2 yr-old colonies emphasizes the localized impact
of macroalgal contact stress on corals (Rasher & Hay
2010, Rasher et al. 2011). Since areas in direct contact
with D. menstrualis demonstrated significant mortal-
ity, tissue samples for cellular and molecular analysis
were taken from areas directly adjacent to macro-
algal contact. The lack of a detectable response sug-
gests that although areas touching D. menstrualis
exhibited significant mortality, neighboring tissue
was unaffected by macroalgal presence.

Corals of the future will be exposed to a myriad of
co-occurring stressors, including elevated tempera-
ture (Hoegh-Guldberg et al. 2007, IPCC 2007). Cor-
respondingly, cellular biomarkers (Downs et al. 2002,
Yakovleva et al. 2009, Olsen et al. 2013, Ross et al.
2013) and the regulation of molecular chaperones
(Rodriguez-Lanetty et al. 2009, Kenkel et al. 2011)
have been well characterized in corals in response to
temperature perturbations. Our results indicate that
temperature elevated +3.5°C impacted a variety of
these cellular and molecular biomarkers and induced
hyperthermal stress across multiple coral life-history
stages (Table 2). These findings support the estab-
lished notion that thermal stress reduces the health of
the coral holobiont, rendering corals prone to large-
scale disease, bleaching, and mortality events (Jokiel
& Coles 1990, Bruno et al. 2007).

The present study also highlights the differing
response of corals from multiple life-history stages to
elevated temperature, where stress was detected
predominantly in coral larvae (Table 2). Larvae of
marine benthic invertebrates are often assumed to be
particularly vulnerable to environmental stress com-
pared to post-metamorphic counterparts (Pechenik
1999), but this may be misleading as the opposite has
also been shown to be true (Hamdoun & Epel 2007).
Furthermore few studies have compared the effects
of environmental stressors on multiple life-history
stages of hermatypic corals. Thermal stress reduced
the photosynthetic efficiency of in hospite zooxan-
thellae, elevated lipid peroxidation, and increased
the transcriptional abundance of Hsp 16 in larvae
from P. astreoides. Comparatively, elevated tempera-
ture caused oxidative damage in 6 wk-old corals and
reduced the EQY of zooxanthellae within 1−2 yr-old
corals. Our results qualitatively indicate that sea -
water elevated +3.5°C induced hyperthermal stress
that was disparate between coral life-history stages.
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 Similarly, Putnam et al. (2010) found that the photo-
chemical efficiency of Pocillopora damicornis and
Seriatopora hystrix larvae were reduced in compari-
son to adult corals exposed to identical temperature
treatments. The ultimate consequences of increased
larval sub-lethal stress are still unclear, but reduc-
tions in post-settlement survival (Ross et al. 2013),
slower post-settlement growth and reduced immune
function are all potential ecological repercussions
(Monaghan et al. 2009).

Seawater elevated +3.5°C did not impact coral sur-
vivorship or parameters evaluating recruitment in
any of the examined life-history stages. Temperature
increases of approximately +3.0°C have not been
found to induce significant mortality in P. astreoides
larvae or to impact their settlement on pre-condi-
tioned substrate (Olsen et al. 2013, Ross et al. 2013),
but continued elevation to +5.0°C can be lethal in lar-
vae of this species (Edmunds et al. 2001). Conversely,
elevations to +4.0°C and +3.0°C can reduce the sur-
vival and settlement of larvae from Diploria strigosa
(Bassim & Sammarco 2003), and Favia fragum (Ran-
dall & Szmant 2009), respectively. Discrepancies in
temperature tolerance also exist in adult colonies,
where P. astreoides has been found to be more resist-
ant to bleaching compared to other hermatypic corals
(Gates 1990). While short-term exposure to elevated
temperature did not cause mortality in 6 wk-old or
1−2 yr-old corals in the present study, prolonged tem-
perature extremes can have significant impacts on
the population dynamics of juvenile and adult corals
in situ (Glynn & D’Croz 1990, Edmunds 2004). Fur-
thermore, the literature indicates that coral respon -
ses to rising sea-surface temperatures are species-
specific, and suggest that the effects of +3.5°C on
coral recruitment detected here are likely conserva-
tive compared to the impacts on more vulnerable
species (Gates 1990, Edmunds 2004). The broad ther-
mal tolerance of P. astreoides across multiple life-
 history stages may also partially explain the recent
increase in relative abundance of this species de -
tected on Caribbean reefs (Green et al. 2008).

Evidence is building that temperature can interact
with multiple stressors to synergistically impact coral
reef organisms (Anlauf et al. 2011, Negri et al. 2011).
However, separate environmental pressures can also
have adverse relationships, causing multiplicative,
additive, or even antagonistic effects on coral reef
ecosystems (Darling & Cote 2008, Darling et al. 2010,
Dunne 2010). Thus, the impacts of compounding
stressors on coral communities is a function of the
specific stressors involved, as well as the temporal
and spatial scale being examined (Ban et al. 2014).

Our results indicate that small increases in sea-
 surface temperatures (+3.5°C) have sub-lethal
impacts on corals, and these effects may complicate
coral− algae interactions when considering complete
coral life-cycles. Exposure to the combined treatment
for extended duration (68 h) synergistically elevated
oxidative damage (lipid peroxidation) in P. astreoides
larvae (Table 2). The detected cellular damage sug-
gests that coral larvae may be particularly suscept -
ible to compounding stressors, and that exposure
duration plays a key role in determining the impact
of multiple environmental perturbations on coral
condition.

A critical mechanism of reef recovery is coral re -
cruitment, but many reefs are experiencing minimal
larval settlement and survival (Hughes & Tanner
2000, Price 2010, Arnold & Steneck 2011). The pres-
ent study indicates that exposure to D. menstrualis
has the potential to greatly reduce coral recruitment.
Local threats such as overfishing, nutrient loading
and the removal of sea urchins should be managed to
reduce macroalgal blooms (Mumby et al. 2007,
Mumby 2009, Rasher & Hay 2010). Additionally,
global threats such as elevated seawater tempera-
tures should not be ignored because any threat that
reduces the health of individuals weakens the eco-
system and its resilience (Hoegh-Guldberg et al.
2007, Mumby et al. 2007, Hofmann & Gaines 2008).
Ultimately, we highlight how these stressors together
have the potential to greatly reduce the ability of
reef-building corals to recruit, which can inhibit their
ability to recover and perpetuate alternative stable
states.
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