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Abstract Reef-forming corals are under threat globally
from climate change, leading to changes in sea tempera-
tures with both hot and cold events recorded and projected
to increase in frequency and severity in the future. Toler-
ance to heat and cold exposure has been found to be
mutually exclusive in other marine invertebrates, but it is
currently unclear whether a trade-off exists between hot
and cold thermal lerance in ropical corals. This study
quantified the changes in physiology in Acropora millepora
from the central Great Bamier Reef subjected to three
temperature treatments; sub-lethal cold, ambient and sub-
lethal heat (23.0 °C, 27.0 °C and 29.5 °C, respectively).
After 10 weeks, pigment content and Symbiodiniaceae
density increased in cold-treated corals but decreased in
heat-treated corals relative to corals at ambient conditions.
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Heat-treated corals gained less mass relative to both
ambient and cold-treated corals. These results indicate that
the physiological condition of A. millepora corals exam-
ined here improved in response to mild cold exposure
compared to ambient exposure and decreased under mild
heat exposure despite both these temperatures occurring
in situ around 15% of the year. The energetic condition of
corals in the hotter treatment was reduced compared to
both ambient and cooler groups, indicating that corals may
be more resilient to mild cold exposure relative to mild
heat exposure. The results indicate that the corals shifted
their resource allocation in response Lo temperature treat-
ment, investing more energy into skeletal extension rather
than maintenance. No evidence of thermal tolerance trade-
offs was found, and cold thermal tolerance was not lost in
more heat-tolerant individuals. An enhanced understanding
of physiological responses of corals at both ends of the
thermal spectrum is important for predicting the resilience
of corals under projected climate change conditions.

Keywords Thermal tolerance - Coral - Energetic
condition - Cold exposure - Trade-offs

Introduction

Coral reefs are under increasing threats globally from cli-
mate change and anthropogenic perturbations (De’ath et al.
2012; Hughes et al. 2017). When temperatures exceed the
upper and lower thresholds of coral olerance, the symbi-
otic relationship between the coral host and the endosym-
biotic Symbiodiniaceae is disrupted (Visram and Douglas
2007; Paz-Garcra et al. 2012). The loss of Symbiodiniaceae
and/or their photosynthetic pigments leads to a breakdown
in the symbiotic relationship, charactenised by decreased
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photosynthesis of the symbiont and subsequent reduced
energy uptake by the coral host, a phenomenon referred to
as bleaching (Weis 2008). Level of bleaching severty and
mortality depends upon the interaction between light
intensity, the duration of the thermal perturbation as well as
the accumulation of degree heating weeks (DHW, Howells
et al. 2013; Ainsworth et al. 2016).

The direct relationship between increased sea surface
temperatures (SST) and coral bleaching is well established
(Berkelmans and van Oppen 2006) with high levels of
mortality documented across the northem and central
regions of the Great Barrier Reef (GBR) following marine
heatwaves in 2016 and 2017 (Hughes et al. 2017). Most
studies of coral thermal tolerance have focussed on the
physiological effects of heat stress (Gates et al. 1992; Baird
and Marshall 2002; Baker et al. 2008). However, temper-
ature projections indicate the continued prevalence of
severe cold events (Vavrus et al. 2006) as highlighted by a
cold snap occurring in winter 2017-2018 in Florida. The
continued occurrence of cold events in addition to
increasingly rapid transitions between El Nifo and La Nifa
events will effectively widen the thermal envelopes that
corals will need to successfully cope with (Vavrus et al.
2006; Eakin et al. 2009; Cai et al. 2015). If restoration
initiatives such as assisted gene flow (moving warm-
adapted individuals to cooler, yet warming reefs) proceed,
translocated corals are more likely to be exposed to
stressful cold rather than heat conditions (Howells et al.
2013). Thus, there are multiple reasons why it is important
to understand the effects of temperature exposure at both
ends of the thermal spectrum, and this study provides an
examination of physiological responses to moderate, yet
chronic cold thermal stress events.

Coral thermal wlerance varies substantially within and
among species. Oliver and Palumbi (2011) showed that
corals of the same species (Acropora hyacinthus) from
different thermal environments had significantly different
thermal tolerances, suggesting some level of local adapta-
tion. Similar patterns have now been described across
habitats and latitudes (e.g. Berkelmans and Willis 1999;
Howells et al. 2011; Oliver and Palumbi 2011). Addition-
ally, the Symbiodiniaceae type harboured by the coral
impacts thermal olerance with clade D known to confer a
1.0 °C increase in upper bleaching thresholds (Berkelmans
and van Oppen 2006). This increased tolerance incurs
trade-offs with other traits as corals hosting clade D
demonstrate reduced growth (Micog et al. 2009). This
highlights the influence of the Symbiodiniaceae commu-
nity on the overall thermal tolerance and physiological
condition of the coral holobiont.

Despite evidence of significant cold bleaching events
globally (Lirman et al. 2011; Paz-Garcia et al. 2012), very
few studies have examined the physiological effects of cold
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exposure on coral physiology (but see Jokiel and Coles
1977, Roth et al. 2012). The effects of cold stress can
manifest themselves rapidly (Lirman et al. 2011; Roth et al.
2012), and in some localised instances, the reported mor-
tality from cold stress has been greater than that resulting
from heat-induced stress (Jokiel and Coles 1977). Some
authors have suggested that corals exposed to cold will
eventually acclimatise (Roth et al. 2012; Roth and Deheyn
2013), while others indicate that long exposure to cold
conditions leads to greater mortality than high-temperature
exposure (Jokiel and Coles 1977; Higuchi et al. 2015).
Studies have demonstrated commonalities in the physio-
logical responses of corals to cold and heat stress, but these
are not always consistent (Table 1, Jokiel and Coles 1977;
Roth et al. 2012). Exposure to hot and cold thermal stresses
both result in photo-acclimatory responses and damage o
photosystem II (Saxby et al. 2003; Pontasch et al. 2016). In
hospite, Symbiodiniaceae densities have been found to
both decrease and increase (Saxby et al. 2003; Roth et al.
2012; Rodriguez-Troncoso et al. 2014) in response to cold
exposure (Table 1). Within the coral host, both heat- and
cold-induced stresses lead to decreased respiration and
calcification (Higuchi et al. 2015), reduced growth (How-
ells et al. 2011; Roth et al. 2012) and reduced heterotrophic
feeding (Rodolfo-Metalpa et al. 2008). Consequently, the
physiological effects of heat and cold responses are not yet
resolved and require further study.

To assess the physiological effects of chronic thermal
stress, this study simultancously compared hot and cold
thermal exposure on the tropical coral A. millepora and
quantified a number of physiological traits o examine the
underlying mechanisms underpinning these responses.
Additionally, this study tested for potential trade-offs
between hot and cold tolerance at the colony level by
correlating performance under one treatment with perfor-
mance under another. Based on previous studies showing
that some taxa are capable of exhibiting high heat or cold
tolerance but not both (Sorensen et al. 2001; Anderson
et al. 2003), it was hypothesised that coral colonies which
exhibited the maintenance of physiological condition in
response to high temperatures would not do so under cold
exposure, and as such, a trade-off would exist between heat
and cold tolerance.

Materials and methods

Treatment selection

This study aimed to examine physiological responses at
stressful,  sub-lethal temperature levels.  Experimental

treatments were selected to represent likely, yet uncommon
thermal scenarios occurning in the Palm Island group. To
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Table 1 Physiological parameters investigated in this study and their relevance to ecology and themnal tolerance physiology studies

Level Parameter

Rationale

References

Holobiont  Symbiont density

Buoyant weight
gain

Water-soluble
protein content

Coral

Lipid content

Basal disc
extension

Skeletal density

Catalase activity

Symbiont  Chl z content

Photosynthesis
rate

Symbiont type

Related to the ability of symbionts to produce energy molecules for the coral host,
changes in symbiont densities following temperature exposure impact the nutritional
state of the coml. Can also influence holobiont thermal tolerance

Non-invasive technique that allows for repeated sampling of the same fragment

Changes in mass gain have been attributed to both heat and cold exposure as a response
1o decreased energy transfer from symbionts. Method makes no distinction between
changes in skeletal or tissue masses

Corals undergoing stress are likely to change their resource allocations, and as such,
stress can be detected by a decrease in quantity of protein molecules

Lipid content is an important predictor of coral health and one of the first impacted by
thermal stress due to changes in coral nutritional state. Having a high lipid content
during periods of thermal stress may aid in resilience

The process of skeletal extension onto new surfaces. Important for corals 1o occupy and
attach to new space

The “quality” of the skeleton. A coral may increase rapidly through skeletal extension:
however, if this new skeleton is highly porous, it is at risk of easy damage

This oxidative enzyme is an indicator of oxidative stress, associated with the production
of ROS in response to thermal stress

Used widely as a direct indicator of bleaching, Chl « content reflects cellular changes in
the photosynthetic symbionts in response 1o temperature exposure. Changes in
pigment content influence coral nutritional state and survival. In response to heat, Chl
z content is generally reduced to protect symbionts and coral from ROS. Report on
effects of cold exposure is conflicting

Describes the efficiency of the symbionts in producing oxygen. This is often reduced in
response 1o lemperature

The type of Symbiodiniaceae harboured plays a key role in the thermal tolerance of
corals

Saxby et al. (2003)
Roth et al. (2012)

Bay and Palumbi
(2015)
Kemp et al. (2011)

Roth and Deheyn
(2013)

Yamashiro et al.
(2005)

Howells et al.
(2011)

Baird and Marshall
(2002)

Rocker et al. (2017)

Madin et al. (2016)

Krueger et al.
(2015)

Abrego et al. (2008)
Higuchi et al. (2015)

Saxby et al. (2003)
Higuchi et al. (2015)
Berkelmans and van
Oppen (2006)
Mieog et al. (2009)
Fisher et al. (2012)

determine these temperatures, we calculated the monthly

Barmrier Reef (GBR) on

17-18 October 2016 from

temperature averages over 17 yr (1998-2015) and plotted
their frequency of occurrence (Suppl. Fig.1a) to obtain the
distribution of mean monthly temperatures (MMTSs) and
identify the MMT during the cooler months (~ 23.5 °C
June—August) and the warmer months (~ 29 °C Decem-
ber-February). We selected treatment temperatures slightly
below (cooler) and above (hotter) the identified MMTs. To
inform about the thermal history of the region, we calcu-
lated the rate of retum for a 10-week thermal event at both
23 and 29.5 °C using temperature data from Pandora reef
from 2007 to 2016.

Coral collections and experimental conditions

Fragments (< 10 cm @) of 23 individual Acropora mille-
pora colonies were collected from an inshore reef
(18.4898°S, 146.54283°E, GBRMPA permit # G12/
35236.1) in the Palm Island Group of the central Great

depths < 6 m. Colonies were held in flow-through unfil-
tered seawater for 2 days in transit and then housed at the
National SeaSimulator at the Australian Institute of Marine
Science (AIMS. Townsville, Australia) under ambient
temperature (27.0 °C). The colonies were further frag-
mented (12 replicate branches) and attached with superglue
onto aragonite plugs (n = 276). Fragments were acclima-
tised to control conditions (max 250 pmol photons
m~2 s, 27.0 °C) for 3 weeks before being haphazardly
assigned to experimental tanks (n = 4 tanks per treatment,
1 fragment per colony in each tank).

Tanks (50 L) were supplied with filtered seawater
(5 pM., FSW, 50 L h™"). To achieve and reliably maintain
the desired temperature treatments, two different sources of
water were used. First, the different treatment temperatures
of the seawater feeding into the experimental tanks were
achieved by mixing two lines of GPA FSW of different
temperatures at different ratios. This seawater was then fed
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flow-through to each experimental tank separately and not
re-circulated so that each tank acts independently in terms
of the water it receives. Second, experimental tanks were
placed in water baths to assist with maintaining tempera-
ture in tanks. To control the temperature of these baths,
they were supplied with freshwater from sumps (one per
treatment). This re-circulated water was never in contact
with the corals. The tanks were equipped with pumps
(Turbelle™ nanostream™ 6055, Tunze, Penzberg, Germany)
Lo maintain circulation, exposed to artificial light similar to
conditions experienced on a nearby reef (12:12-h light/dark
cycle, 6-h ramping, max 250 pmol photons m > s~ ',
Hydra, Aquallluminaliona'. 400-700 nm, C2 Development,
Ames, lowa, USA, hup://data.aims.gov.au/aimsnds/data
tool.xhtmlI?from=2013-11-08&thru=2018-11-09&period=
MONTH &aggregations=AVG&channels=148,8602), and
the coral fragments were fed Artemia daily (1 Artemia:
5 ml FSW). Temperatures were ramped over 5 days (to
295°C at 05° C d' and to 230 °C by 08 °C d',
respectively) and subsequenty maintained for each treat-
ment (£ 0.1 °C) for the following 10 weeks.

Symbiodiniaceae responses

Instant net photosynthesis was quantified for a subset of
coral fragments (2 per colony per treatment, n = 131)
according to the method detailed in Strahl et al. (2015) and
detailed in Supplementary Materal. Oxygen production
was standardised to surface area and incubation time and
reported as mg O, cm ™~ min~ .

Coral tissue colour was quantified from photographs at 0
and 10 weeks with reference to the Coral Colour Reference
Chart (Siebeck et al. 2006), and the same camera was used
throughout the experiment. For each photograph, the mean
grey value of the chart squares was measured (in triplicate)
using Imagel, and a standard colour curve created. The
mean grey value was then calculated for each coral frag-
ment per tme point, and the standard curve was used to
relate grey value to a colour score to standardise between
time points. Changes in colour were calculated by sub-
tracting initial colour score from final score.

Symbiodiniaceae cells were obtained by airbrushing and
centrifugation (see Suppl.mat). Chlorophyll x pigments of
the Symbiodiniaceae pellet were extracted and quantified
following the method of Ritchie (2006, see Suppl.mat).
Chlorophyll o was standardised to surface area of the coral
fragment.

Coral holobiont physiological responses are known to
depend on Symbiodiniaceae community composition (Lit-
tle et al. 2004; Yuyama and Higuchi 2014). Therefore, we
typed the coral colonies in the experiment. To identify the
Symbiodiniaceae present within the coral fragments, PCRs
followed by an RFLP (restriction fragment length
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polymorphism) were performed on the 23 colonies
according to methods of van Oppen et al. (2001) after the
conclusion of the experiment. This assay distinguishes
between four genera (Symbiodinium, Breviolum, Clado-
copium and Duwrusdinium) of Symbiodiniaceae along with
some of the types (such as C1, C2, C3; see Supplementary
Material for further details). Restriction digests were
examined by gel electrophoresis (2 pl product, 1% agarose
in TAE, 1 h, 80 V, 400 mA) stained with E(Br (ethidium
bromide) and imaged on Fusion FX* Imager (Vilber
Lourmat, Collégien, France) including three DNA stan-
dards that have been previously identified as C1, C2 and D
to aid in identification. Three colonies out of 23 predomi-
nantly harboured both symbiont types D and C2, while 20
colonies predominantly harboured type C2, leading to an
unbalanced design with regard to symbiont type. The three
colonies harbouring a different community were excluded
from data analysis to aid in interpretation of resulls
presented.

Symbiodiniaceae densities were quantified according to
the methods of Krediet et al. (2015) with the following
modifications; each sample was resuspended in FSW
according o pellet density (10 ml, 5ml, 3 ml, or 2 ml,
respectively). All counts were carried out under a 10 x/
0.25 objective (Olympus CX22LED), and density was
standardised to surface arca. See Supplementary Material
for further details.

Coral host responses

Coral bulk mass gain during the experiment was quantified
with the buoyant weighing method (Davies 1989) at 0 and
10 weeks and expressed as a percentage of initial mass.
The size of coral fragment basal discs was quantified using
planar projection photography (Naumann et al. 2009) with
images (Nikon™ D18, four Ikelite® strobes) taken at 0 and
10 weeks. Skeletal extension, measured by basal disc
extension, was calculated as changes in arithmetic mean
radius (AMR) according to Pratchett et al. (2015). While
obtaining coral sizes through planar projection photogra-
phy is known to yield low accuracy relative to other
methods such as wax-dipping and newer 3D methods
(Naumann et al. 2009), we needed a rapid, non-invasive
method for quantifying changes in disc size during the
experiment. Post-experiment, processing samples  for
energetic content analyses required that the samples were
not exposed to repeated heating and cooling in order to
ensure protein and lipid molecule integrity, thus eliminat-
ing methods such as wax-dipping. Skeletal density was
calculated at the conclusion of the expenment for the
respirometric fragments using the dry weight and volume
of each fragment. Fragment volume was estimated by the
formula for volume of a cylinder using radius (measured at
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1/3 the length of fragment from the base) and height of
fragments measured from photographs.

Assays to determine water-soluble protein content were
carried out according to manufacturer’s protocol (Bio-Rad
DC Protein Assay). Sample preparation and modifications
are outlined in Supplementary Material. Absorbance was
read using the Synergy H4 Hybrid Reader™ (BioTek,
Winooski, VT, USA). Protein content (where coefficient of
variation < 20% among technical replicates) was stan-
dardised to unit surface area of the coral fragment

Catalase activity (U) was calculated as the change in
H,0, concentration over time. Aliquots of coral tssues
were defrosted and homogenised (1 min, The Jitterbug
model 13000). Reagents were loaded in three technical
replicates into UV-transparent microplates (UV-Star™, 96
wells, Greiner Bio-One, Monroe, NC, USA) in the fol-
lowing order; 60 pl PBS (50 mM, pH 7.0), 30 pl coral
tissue slurry (MilliQ H>O for blanks), and 120 pl H,0,
(50 mM). Plates were immediately loaded onto the Syn-
ergy H4 Hybrid Reader”, and absorbance was read at
240 nm every 30 s for 15 min. Catalase activity (U) was
calculated as the change in absorbance over the linear
portion of the absorption curve and standardised to protein
content (U min~" mg™~" protein).

The lipid extraction procedure was modified from Folch
et al. (1957, Supplementary Matenal for more informa-
tion). The weight of extracted lipid was standardised to the
quantity of freeze-dried material on which the extraction
was performed (g dry weight).

Statistical analysis

Linear mixed effects models were used to assess the effect
of temperature treatment on the physiological condition of
A. millepora. To assess the effect of temperature treatment,
the fixed effects of temperature (levels; cold, ambient, heat)
were modelled using the Ime command of the nlme pack-
age (Pinheiro et al. 2017). Coral colony was included as a
random effect to account for variations among individual
colonies. Tank was also designated as a random effect to
account for differences arising between tanks not due to
lemperature treatment.

All models were checked for normality of residuals and
homoscedasticity. Where required, data were transformed
to satisfy assumptions and back-transformed for graphical
representation.  Differences  between  treatments  were
examined using Tukey’s HSD tests, applying a correction
for multiple tests. Correlations between physiological traits
were examined by Spearman’s rank comrelation where
normality was not met as a nonparametric alternative to
Pearson’s correlations (Whitlock and Schluter 2009). Traits
were averaged across tanks such that n = 1 per colony per

treatment. All analyses were performed using R version
3.3.2 (R Core Team 2017).

Results
Thermal history

The amount of tme field-collected corals experienced
below 23.0 °C and above 29.5 °C was determined for the
full calendar year 2015 (Suppl. Fig.1b). The corals were at
or below the cold treatment (23.0 °C) for 59 of 362 days
(16.3% of the year), while the time spent at or above the
heat treatment (29.5 °C) was similar at 50 days (13.8%).
Sustained hot events (= 10 weeks at or above 29.5 °C)
were found to only have occurred once in 10 yr (2007,
13 weeks). Sustained cold events (= 10 weeks at or below
23.0 °C) were recorded five times in the last 10 yr (2008,
2011, 2012, 2013, 2014).

Changes in symbiosis and photosynthesis

The dominant type(s) of Symbiodiniaceae hosted varied
between colonies. Three out of 23 hosted a mix of types D
and C2, while the remaining hosted only Symbiodiniaceae
type C2. Symbiodiniaceae densities varied between tem-
perature treatments (Wald's test, df =2, F = 65.86,
p < 0.0001, Fig. 1a). Cold-treated corals showed a signif-
icant increase in symbiont density relative to ambient
corals (Tukey’s HSD < 0.001, 1.96 + 0.12 x 10° em ™
and 1.15 + 0.08 x 10° em™?, cold-treated and ambient,
respectively), while heat-treated corals showed a signifi-
cant reduction in symbiont density (Tukey’s HSD < 0.001,
0.63 £ 0.07 x 10° em™).

The colour of coral fragments was impacted by tem-
perature treatment (Wald's test, df =2, F =17023.14,
p < 0.0001, Fig. 1b). Over time, corals at ambient condi-
tions did not show any change in tissue colour, while the
cold-treated corals experienced a darkening in colour and
the heat-treated corals had paled (— 0.004 £ 0.05,
0.39 & 0.05. — 1.12 & 0.08, respectively). At the end of
the experiment, heat-treated corals were significantly
lighter in colour by 1.16 units compared to ambient corals
(429 £ 0.09 units and 545 £ 0.08 units, Tukey’s
HSD < 0.0001), while cold-treated corals were signifi-
cantly darker by 0.4 units than ambient corals (5.89 + 0.05
units, Tukey’s HSD < 0.0001, Suppl. Fig.2).

Chlorophyll 2 content was significantly influenced by
temperature treatment (Wald's test, df =2, F = 82.52,
p < 00001, Fig. 1¢). Heat-treated corals had the lowest
chlorophyll 2 concentration, whereas cold-treated corals
had 40% more chlorophyll 2 (0.67 + 0.04 ug em™* and
1.64 £ 0.07 pg cm ™7, respectively). Both heat- and cold-
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Fig. 1 Symbiont responses to experimental treatments: a Symbio-
diniaceae density (mean + CI cells x 10° em %), b absolute colour
change (mean £ CI colour change unit) and ¢ chlorophyll « content
(mean + CI pg cm 7) at the completion of the experiment (£ 95%
confidence intervals are given as error bars. Roman numerals indicate

treated corals were significantly different to the ambient
group, which contained 1.06 £ 0.05 pg cm™ chlorophyll
(Tukey's HSD < 0.0001 for all comparisons, Fig. lc).
Overall colour score (week 10) displayed a strong, positive
correlation with chlorophyll o content (pg em ™) with clear
treatment  effects  (Spearman’s  rank  correlation,
S= 184340, p < 00001, p=0.67). Additionally, there
was a strong, positive comrelation between Symbiodini-
aceae density and chlorophyll content (Spearman’s rank
correlation, § = 103,180, p < 0.001, p = 0.779). Chloro-
phyll content per cell vared significantly between tem-
perature  treatments  (Wald's  test, df =2, F = 888,
p < 0.001). The symbiont cells of heat-treated corals
(2.07 + 028 x 107° pg cell™" em™?) contained signifi-
cantly more  chlorophyll  than the  ambient
(2.07 + 028 x 10™® pg cell™ em™2, Tukey's HSD =
0.0014) and cold-treated corals (1.05 + 0.097 x 107° ng
cell™" em™2, Tukey’s HSD = 0.000298).

The activity of catalase did not vary significantly among
treatments, although it tended towards an increase in
the heat-treated corals with the lowest activity recorded
in the cold-treated corals (8.09 £ 1.79 x 107 and
446 £0.7 x 107 U min~"' mg™" protein, respectively).
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Photosynthetic output was not significantly affected by
treatment.

Growth

Coral bulk mass gain was significantly affected by treat-
ment (Wald’s test, df = 2, F = 536, p = 0.0054, Fig. 2a).
Despite large variation in the initial bulk mass of the
experimental coral fragments (mean = 3.03 g; standard
deviation = 1.31 g), there was no cormrelation between
starting mass and overall bulk mass gained (Spearman’s
rank correlation test; S = 2,788,900, p = 0.1423, p = 0.09).
Heat-treated corals gained significantly less bulk mass than
cold- and ambient corals (4.55 + 037% 10 week ™',
5.68 + 0.21% 10 week ™', and 5.49 + 0.19% 10 week ™',
heat and cold Tukey’s HSD = 0.0058, heat and ambient
Tukey’s HSD = 0.029), while there was no difference in
mass gained between the cold and ambient treatments (cold
and ambient Tukey’s HSD = (.86).

Although not significant, basal disc extension was lower
in both the heat and cold treatments relative to the ambient
treatment (0.89 £ 0.05 cm AMR, 0.83 £ 0.05 cm AMR,
and 0.97 £ 0.06 cm AMR, respectively).
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Skeletal density vared significantly between treatments
(Wald’s test; df =2, F=4385 p=0.0106). Skeletal
densities  of  ambient-treated  corals  averaged
295 +0.21 g em ™, while those recorded in the heat
treatment were significantly lower (2.19 # 0.18 g em ™,
Tukey’s HSD = 0.005). There was no difference in skeletal
densities  between  the cold and heat  weatments
(2.55 & 0.15 g cm ™, Tukey’s HSD = 0.33).

Energetic condition

Treatment significantly affected protein content (Wald’s
test, df =2, F =29.44, p < 0.0001, Fig. 2b). Cold-treated
corals contained 49% more protein than heat-treated corals
(0.55 + 0.03 mg cm ™ and  0.27 & 0.02 mg cm ™2,
Tukey’s HSD < 0.001) and 33% more protein than ambi-
ent corals (0.37 £ 0.03 mg cm™ %, Tukey’s HSD < 0.001,
Fig. 2b).

Lipid content varied significantly with treatment
(Wald’s test, df = 2, F = 3.93, p = 0.0217, Fig. 2¢). Corals
exposed to cold conditions contained 20% more lipid than
heat-treated  corals (2094 + 258 mg g' dw and
1657 £ 2.83 mg g~ ' dw, respectively. Tukey’s HSD =
0.015, Fig. 2¢).

28 1-1

1-m»
u n-1m

T.

|.._

Lipid content (mg g™ dw) o
=
T

Cold Ambient Heat

(mean 4 CIlmg g ' dw). 95% confidence intervals are given as error
bars. Roman numerals indicate statistical groupings, and asterisks #
indicate the post hoc Tukey’s significance level: #0.01: ##0.001:
=== 0.001

Tolerance trade-offs and resource allocation shifts

A significant negative correlation was found between cold
and heat lipid contents (%, Spearman’s rank correlation,
S =34114, p= 0028, p = — 0.3). Cold and heat basal
disc extension showed a strong, significant cormrelation
(Spearman’s  rank  correlation, S =344, p =0.74,
p =0.00028). There were no significant correlations
observed neither between bulk mass gain (%) nor protein
content under cold and heat conditions.

A slight positive, significant relationship was observed
between the absolute changes in bulk mass changes (%)
and basal disc extension (AMR, Spearman’s rank correla-
tion, § = 2,400,900, p < 0.001, p = 0.18). A strong nega-
tive and significant correlation was detected between basal
disc extension and lipid content (%, Spearman’s rank
correlation, S = 1,102,100, p < 0.001, p = — 0.37). Over-
all, there was no correlation between basal dise extension
and skeletal density (Spearman’s rank  correlation,
S =143890, p = 0.3, p = — 0.11). When examined indi-
vidually within treatments, a slight correlation was detec-
ted between basal disc extension and skeletal density in the
cold treatment (Spearman’s rank correlation, S = 43,300,
p=0.043, p=—0.27). These correlations were not

detected  within  the heat or ambient treatments
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(Spearman’s  rank comelations; S = 4348, p= 071,
p=—0071:85 = 5352, p = 092, p = 0019, respectively).

Discussion

Physiological responses to thermal stress influence the
ability of organisms to cope successfully with environ-
mental perturbations. As a result of climate change, corals
are increasingly exposed to larger emperature ranges, and
projected increases in severty and frequency of extreme
cold and heat events threaten their continued existence
(Vavrus et al. 2006; Limman et al. 2011; Hughes et al.
2017). Results presented here demonstrate that heat toler-
ance does not confer a physiological disadvantage at cold
lemperatures.

It is well documented that heat stress causes severe
disruptions to an organism’s metabolism (Gillooly et al.
2001; Portner 2002). As such, heat stress influences the
performance of an organism to a larger extent than cold
exposure (Portner 2002; Roth et al. 2012). We selected our
treatment temperatures for this laboratory-based examina-
tion of differential physiological effects of heat and cold
exposure in A. millepora samples with this in mind: the
magnitude of the cold treatment was nearly twice that of
the heat (+ 2.5 °C vs. — 4.0 °C on ambient, respectively).
We also considered the range of temperatures these corals
would have experienced in situ: our exposures represented
approximately the top and bottom 15% of the normal
temperature range for Pandora Reef. Despite this similarity
in total tme spent at reatment temperatures per year, this
region experiences frequent cold events (every 2 yr) sim-
ilar to the cold treatment employed here. Therefore, it was
perhaps not surprising that corals exposed to the cold
treatment showed an improved physiological condition
relative to heat-treated ones. We also found evidence of
resource allocation shifts within corals in response to
treatment which highlights that both expenimental treat-
ments did indeed elicit physiological responses. However,
no physiological trade-offs between treatments were
observed in a series of within colony-level trait correla-
tions. This may suggest that potential reef restoration and
adaptation efforts that incorporate A. millepora are not at
nisk of losing cold tolerance while promoting more heat-
tolerant genotypes through assisted gene flow or ex situ
selective breeding.

Differential physiological effects of cold and heat
exposure

The physiological responses of animals to heat and cold

exposure are known to vary in response to both tempera-
ture and the duration of the exposure (Portner 2002).

@ Springer

Previous studies of heat and cold exposure on tropical
corals have not agreed on their respective effects, poten-
tially due to a difference in exposure times. Thermal
exposure times of 10 weeks or above are rare in the liter-
ature, and this hinders the comparison of the results
obtained in the present study. Roth et al. (2012) showed
that heat stress was ultimately more deleterious than cold
stress (22 °C) as Acropora yongei corals eventually accli-
mated in the cold treatment following 20 days of exposure.
In contrast, working on four species of corals in Hawaii,
Jokiel and Coles (1977) found the effects of severe cold
stress to impact coral health and survival more negatively
than severe heat stress when experiments exceeded 1-week
duration. Our results generally support the former, with
deteriorated conditions observed in response to heat but not
cooling.

Temperature treatment affected the three growth metrics
(bulk mass gain, basal disc extension and bulk density)
differently. Mass gain vared significantly between treat-
ments with heat-treated corals gaining less weight than the
ambient and cold-treated corals. These results support
previous findings of decreased mass gain in response o
heat stress across species and source populations (Bay and
Palumbi 2015; Lohr and Patterson 2017). Based on previ-
ous studies in which reduced bulk mass gain was docu-
mented in response 0 cold thermal stress (Kemp et al
2011; Roth et al. 2012; Higuchi et al. 2015), we expected to
see a similar response o the cold treatment applied here,
but none was observed. Surprisingly, there was no treat-
ment effect on coral basal disc extension despite prior
studies demonstrating reduced skeletal extension in
response to heat and cold stress in both short- and long-
term expeniments (Jokiel and Coles 1977; Baird and Mar-
shall 2002; Roth et al. 2012; Higuchi et al. 2015). Cold-
treated corals increased in bulk mass, but this was not
reflected in size increases in AMR. An increase in mass in
the absence of an increase in size could be explained by an
increase in density (Lohr and Patterson 2017; Rocker et al.
2017); however, this was not the case in this study. At the
conclusion of the experniment, heat-treated corals exhibited
reduced density relative to the ambient group. Although not
assessed in the present study, the low bulk density recorded
in the heat-treated corals could indicate an increase in
skeletal porosity which would affect the quality of the coral
skeleton.

The bleaching indicators of tissue colour, chlorophyll =
content, and symbiont densities all differed between
treatments. Visibly paler, heat-treated corals had 46% less
chlorophyll « content compared to the ambient treatment.
This is similar to previous results for Acropora tenuis from
overlapping locations (Abrego et al. 2008). Heat-treated
corals also hosted less Symbiodiniaceae relative to both
ambient and cold corals. Rodriguez-Troncoso et al. (2014)
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reported an increase in symbiont densities in Eastern
Pacific Pocillopora spp. following short-term (4 days) cold
exposure which further corroborates the trends observed in
this study. However, the effect of cold exposure on Sym-
biodiniaceae densities appears to be highly species specific.
Gates et al. (1992) and Higuchi et al. (2015) reported
reductions in symbiont densities in response to cold treat-
ments in three different species (Pocillopora damicomis,
Acropora pruinosa and A. hyacinthus). The observed
increase in chlorophyll o in the cold treatment correlated
with the increased symbiont density recorded for these
corals. Observed changes in chlorophyll 2 may not be
exclusive due to observed changes in symbiont density.
They could also result from changes in pigment content per
symbiont cell, but this was not investigated here. In this
study, pigment content per cell was greater in the heat-
treated corals than in those exposed to ambient and cold
conditions. This result is surprising as decreases in
chlorophyll = content within symbiont cells has been
documented previously in response to heat (Hoegh-Guld-
berg and Smith 1989; Gates et al. 1992) but has been less
extensively observed in response to cold stress (Howells
et al. 2013; Rodnguez-Troncoso et al. 2014). Colour scores
and chlorophyll « content showed a strong, positive cor-
relation, indicating that coral tissue colour is an appropri-
ate, non-invasive proxy of pigment concentration changes
in A. millepora (Winters et al. 2009).

Potential shifts in resource allocation
but no evidence of thermal tolerance trade-off

This study found evidence of resource allocation shifts in
response o temperature treatment. Potential shifts in
resource allocations were identified by negative correla-
tions among some physiology traits. Lipid content was
negatively correlated with basal disc extension (skeletal
extension), suggesting that corals which laid down more
skeleton did not have sufficient energetics to maintain lipid
content. Skeletal extension also showed a negative rela-
tionship with skeletal density in the cold treatment. This
indicates that the corals exposed to cold conditions shifted
energy into skeletal extension rather than maintaining a
high skeletal density (Ward 1995; Rocker et al. 2017).
Previous studies have discussed energy allocation into
growth and maintenance by proxies of linear extension and
skeletal density, respectively (Anthony et al. 2002; Leu-
zinger et al. 2012; Rocker et al. 2017). Our demonstration
of resource allocation shifts in response to experimental
treatments is well supported in the existing literature
(Anthony et al. 2002; Clarke 2003), but it was surprising
not to identify more comrelations between heat and cold
performance. Previous research has found organisms that
can maintain physiological condition under one extreme

and do not tend to do so under another (Anderson et al.
2003; Clarke 2003). Hence, our expectation was to find a
negative correlation. One possible explanation for this is
that corals are still better adapted to the colder conditions
represented by our cold treatment than to the warmer
scenarios as suggested by Dove et al. (2013).

Previous studies have shown that heat-resistant organ-
isms are often more susceptible to cold exposure (Sorensen
et al. 2001; Anderson et al. 2003), and hence, trade-offs in
traits such as growth and mortality can be observed (Roth
et al. 2012). The results mainly showed no relationship
between cold and heat responses except from a positive
relationship observed in basal disc (skeletal) extension
between the heat and cold treatments. Corals which
exhibited large skeletal extension in the heat treatment also
did so in the cold treatment. Thus, in terms of skeletal
extension, selective breeding of heat-tolerant individuals
should not result in the loss of skeletal extension during
cold events. This provides some evidence that some coral
colonies may have a greater thermal range, making them
ideal candidates for translocation restoration efforts.

The results presented in this study highlight the potential
for phenotypic plasticity in response Lo lemperature expo-
sure. The results demonstrate that corals from populations
charactenised by a heterogencous thermal environment
could make ideal candidates for coral restoration initiatives
relying on assisted migration or breeding of A. millepora.
In addition, this study highlights that corals are less sus-
ceptible to cold stress relative to heat stress which could be
useful for future translocation/assisted migration restora-
tion efforts in which corals from warm locations are relo-
cated to colder locations in an attemplt Lo increase
population thermal tolerance. In such a case, it is vital that
the translocated colonies are capable of coping with the
seasonal temperature fluctuations, both hot and cold. in the
new location. Interestingly, this study provides evidence
that cold thermal tolerance is not necessarily lost in more
heat-tolerant individuals. For future studies, it would be of
interest to investigate the lower thermal threshold in A
millepora in populations across the GBR to determine
suitable transplantation origins and destinations.
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