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Recurrent partial mortality events in winter shape the dynamics
of the zooxanthellate coral Oculina patagonica at high latitude
in the Mediterranean
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Abstract Global warming has many biological effects on

corals and plays a central role in the regression of tropical

coral reefs; therefore, there is an urgent need to understand

how some coral species have adapted to environmental

conditions at higher latitudes. We examined the effects of

temperature and light on the growth of the zooxanthellate

coral Oculina patagonica (Scleractinia, Oculinidae) at the

northern limit of its distribution in the eastern Iberian

Peninsula (western Mediterranean) by transplanting colo-

nies onto plates and excluding them from space competi-

tion over a *4-yr period. Each year, most of the colonies

(*70%) exhibited denuded skeletons with isolated polyps

persisting on approximately half of the coral surface area.

These recurrent episodes of partial coral mortality occurred

in winter, and their severity appeared to be related to col-

ony exposure to cold but not to light. Although O. patag-

onica exhibited high resistance to stress, coral linear

extension did not resume until the coenosarc regenerated.

The resumption of linear extension was related to the dis-

sociation of the polyps from the coenosarc and the out-

standing regenerative capacity of this species

(10.3 mm2 d-1). These biological characteristics allow the

species to survive at high latitudes. However, the recurrent

and severe pattern of denuded skeletons greatly affects the

dynamics of the species and may constrain population

growth at high latitudes in the Mediterranean.

Keywords Zooxanthellate coral � Partial mortality �
Lesion regeneration � Linear extension dynamics � Cold
thermal stress � Mediterranean Sea

Introduction

Latitudinal variation in environmental parameters deter-

mines coral biogeography. Temperature, solar radiation,

nutrients and the saturation state of seawater aragonite are

critical factors for photosynthesis and the calcification of

zooxanthellate corals, and these variables co-vary with

increasing latitude, thus limiting coral growth at high lat-

itudes (e.g., Kleypas et al. 1999; Muir et al. 2015). The

scarcity of zooxanthellate corals in temperate areas is

related to the effects of environmental parameters, com-

petition with macroalgae and the synergistic interactions of

biotic and abiotic factors (e.g., Miller 1998; Hoegh-Guld-

berg 1999). However, the current decline of coral reefs in

both perturbed and unperturbed areas indicates that

increasing temperature is a global stressor that is playing a

crucial role in the regression of reef ecosystems (e.g.,

Hughes et al. 2010). Temperature has long been considered

to be the primary factor controlling the distribution of coral

species (e.g., Hoegh-Guldberg 1999; Kleypas et al. 1999),

and exposure to both high and low stressful temperatures

has been documented to reduce coral growth and cause

bleaching and mortality (e.g., Saxby et al. 2003; Hoegh-

Guldberg et al. 2005; Colella et al. 2012; Roth et al. 2012).
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Global warming is affecting many biological aspects of

coral species; even the more conservative warming pro-

jections indicate that many tropical reefs may enter a non-

coral-dominant stage before the end of the century (Hoegh-

Guldberg and Bruno 2010; Pandolfi et al. 2011; Frieler

et al. 2013). Corals are among the organisms least expected

to exhibit poleward movement because their capacity to

adapt is usually outpaced by the current, rapid rate of

environmental change due to human activities (Hoegh-

Guldberg 2012). However, the distribution of some zoox-

anthellate scleractinian corals has shifted to higher latitudes

in some areas, tracking the movement of suitable tempera-

tures (e.g., Takao et al. 2015), and marginal habitats for

coral reefs are predicted to expand in future climate sce-

narios (Freeman 2015). Understanding the ability of such

coral species to adapt to environmental changes at high

latitudes is crucial to predict shifts in coral communities in

response to climate change.

In the shallow rocky assemblages of the temperate

Mediterranean Sea, both local evidence of phase shifts

from macroalgal to coral dominance and the rapid expan-

sion of Oculina patagonica (Scleractinia, Oculinidae)

(Serrano et al. 2012, 2013; Salomidi et al. 2013; Rodolfo-

Metalpa et al. 2014) provide evidence that this zooxan-

thellate coral may be displaying invasive behavior that

could challenge the current conceptual framework of the

ecosystem (Miller 1998). Such behavior is consistent with

the fact that O. patagonica, first documented in the

Mediterranean in 1966, is currently found in many areas

throughout the Mediterranean Sea (Rubio-Portillo et al.

2014a and references therein). A recent study indicated that

the species is not a recent introduction, and thus its current

taxonomic status is unclear because it cannot be reliably

classified as either ‘‘native’’ or ‘‘introduced’’ (Leydet and

Hellberg 2015). The most abundant O. patagonica popu-

lations have been recorded along the coast of the eastern

Iberian Peninsula (Balearic Sea; Fine et al. 2001; Coma

et al. 2011; Serrano et al. 2012, 2013; Rubio-Portillo et al.

2014a). However, although this coral has been expanding

northward from the north Balearic Sea (40�N) toward the

Gulf of Lyon (42�N) over the last two decades (Serrano

et al. 2013), little is known about its growth dynamics in

the expansion zone.

Similar to tropical corals, the growth rate of O. patag-

onica in the western Mediterranean is positively correlated

with a certain temperature range (Rodolfo-Metalpa et al.

2008). Prolonged exposure to sublethal warm-temperature

thresholds has been reported to damage O. patagonica

colonies in short-term field studies (\2 yr) and surveys

(Rodolfo-Metalpa et al. 2008, 2014; Rubio-Portillo et al.

2014b), and long-term studies in the eastern Mediterranean

have shown that the species suffers severe annual bleach-

ing and mortality events in summer (Fine et al. 2001;

Shenkar et al. 2005) that are mainly related to exposure to

high temperature (Ainsworth et al. 2008). In this study, we

addressed the effect of temperature and light on O.

patagonica growth dynamics in the expansion zone at the

northern limit of its population distribution along the Ibe-

rian Peninsula (Serrano et al. 2013), a critical first step

toward understanding the response of this species to cli-

mate change. We assessed the seasonal variation in growth

and mortality of O. patagonica colonies over a *4-yr

period. Although long-term monitoring studies are labor

intensive, they are fundamental to acquiring a thorough

understanding of the factors that influence the life cycles of

long-lived species such as corals, and they enable predic-

tions of how such species might be affected by climate

change. The effects of these abiotic factors were examined

by transplanting coral colonies onto plates and excluding

them from space competition with other organisms. The

results of this study provide new insights into the seasonal

and annual growth dynamics of O. patagonica at the

northern limit of its distribution and contribute to an

understanding of the biological characteristics that allow

some zooxanthellate corals to thrive in temperate systems.

Materials and methods

Sample collection

In August 2008, the encrusting colonial coral O. patago-

nica was sampled at L’Ampolla breakwater (40�490N,
0�430E) in the north Balearic Sea (northwest Mediterranean

Sea; Fig. 1) by scuba diving at depths of 2–5 m. Coral

fragments (*3 cm in diameter) were collected with a

hammer and chisel from widely separated ([3 m) and

healthy (\10% colony partial mortality) colonies (n = 29)

that ranged between 25 and 40 cm in maximum diameter.

The coral specimens were immediately placed in large

seawater containers and transported to the Experimental

Aquarium Zone at the Institute of Marine Sciences in

Barcelona (\4 h). Shortly after, the coral samples were

carefully cleaned of epiphytes and sediment, and each was

glued onto a methacrylate plate (15 9 15 cm) with an inert

mastic compound. The coral plates were placed in a 225-L

acclimation tank equipped with a circulation pump and

running natural seawater. The inlet and outlet pipes

remained open so that the acclimation tank functioned as a

flow-through open system, and the corals were maintained

in aquaria under controlled conditions until the perimeter

of the entire colony was growing onto the plastic plates.

During the *3-month acclimation period in the aquaria,

the natural seawater temperature (ST) was gradually

decreased from 25 to 18 �C, and the light conditions were

adjusted to 150 lmol photons m-2 s-1 (12:12 light:dark
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photoperiod) to simulate late summer/early autumn con-

ditions at the study area (Fig. 2).

Study site and experimental design

In November 2008, the 29 coral plates were transported

back and randomly fixed onto a rocky reef located *5 km

north of the collection site (Fig. 1). The thermal and light

regimes did not differ between the collection and experi-

mental sites (Electronic Supplementary Material, ESM,

Supplementary methods). Therefore, we will generally

refer to the study area as L’Ampolla. In the study area, O.

patagonica has a patchy distribution on shallow rocky reefs

with locally abundant populations (Serrano et al. 2013). All

coral plates were installed on slightly inclined surfaces

(\458) at depths of 4–5 m within a *400-m2 rocky area

oriented parallel to the shore (80 9 5 m). The coral plates

were monitored over a *4-yr period (November 2008–

August 2012, n = 17 sampling dates) at an average sam-

pling interval of 87 ± 8 d (SE, n = 16). The benthic

community surrounding the plates was dominated by algal

communities with a canopy height[2 cm. On each sam-

pling date, the coral plates were cleaned of settling

organisms (commonly turf algae \1 cm in height) to

ensure that the corals were not exposed to algal competi-

tion, and any algae that settled on the coral skeleton were

removed during the surveys.

Colony partial mortality and growth

On each sampling date, all coral plates were photographed

in situ using a ruler as a size reference. Because colonies of

O. patagonica have an encrusting morphology, the colony

surface area from a planar view and the area experiencing

partial mortality were measured from photographs using

ImageJ software. Colony partial mortality was evaluated

for each sampling date as the percentage of the colony area

showing signs of mortality (i.e., denuded skeleton or cov-

erage by sessile organisms). Partial mortality was further

classified into three levels of severity: mild (\15%),

moderate (15–85%) or severe ([85%). At the beginning of

the study (November 2008), mean partial mortality was
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2 ± 1% (SE, n = 29). Colony partial mortality rates

between sampling dates were calculated by dividing the

change in partial mortality from one sampling date to the

next by the number of days in the sampling interval

expressed as a percentage of the colony area (% d-1) and

as mm2 d-1. The rate of variation in planar area between

sampling dates was calculated by dividing the accumulated

colony surface area from one sampling date to the next by

the number of days in the sampling interval (cm2 d-1). The

change in arithmetic mean diameter appears to be the most

appropriate method to standardize linear growth rate data

of coral colonies versus the initial size, particularly for

encrusting species that tend to grow primarily in the hori-

zontal plane and have circular areas (Pratchett et al. 2015),

such as O. patagonica (Fig. 3). Then, to provide a size-

independent measure of the linear extension rate (cm di-

ameter d-1), the planar area (A, cm2) was translated to the

arithmetic mean diameter (D, cm) using the formula

D ¼ 2 �
ffiffiffiffiffiffiffiffiffi

A=p
p

. The mean annual linear extension rate was

estimated for each study year by integrating the mean daily

values of the different sampling intervals.

Environmental data

Global solar radiation (J m-2) throughout the study period

was recorded by the Ebre Observatory (located 50 m above

sea level; Fig. 1). The daily photosynthetically active

radiation (PAR, mol photons m-2 d-1) at a depth of 5 m

was obtained from global irradiance and light attenuation

coefficient data (ESM Supplementary methods). The mean

annual and monthly PAR were determined based on the

daily values averaged over the study period.

ST was recorded hourly throughout the study period

using onset HOBO pendant temperature data loggers (UA-

002–64) placed at a depth of 5 m, and the mean annual and

monthly STs were determined based on the averaged daily

values. We also calculated the number of days in which the

mean daily ST was above and below different thresholds

(C20 to C28 �C and B19 to B11 �C, respectively).

Statistical analysis

The individual and combined relationships between coral

performance (partial mortality and linear extension rates)

and environmental parameters (PAR and ST) were assessed

by multiple regression using the mean PAR and ST cal-

culated for each sampling interval. Cross-correlation

analyses were used to establish relationships between the

environmental parameters (PAR and ST) over time and to

determine the relationship between O. patagonica perfor-

mance and ST. One-way repeated-measures ANOVA was

used to test the inter-annual differences in mean partial

mortality and linear extension rates, combined with

Tukey’s test for post hoc comparison. A Chi-squared (v2)
test was used to examine the inter-annual variability in ST

thresholds. We used STATISTICA version 7.0 for the

analyses, and the results are expressed as the mean ± SE.

Results

Environmental parameters

The mean annual PAR at L’Ampolla (5 m depth) during

the study period was 19.5 ± 0.7 mol photons m-2 d-1

(2009–2011, n = 3) and ranged between 18.3 and 20.8 mol

photons m-2 d-1 (Fig. 2a). The light regime was charac-

terized by marked seasonality, with monthly mean PARs

ranging from 6.1 mol photons m-2 d-1 in December 2009

to 36.6 mol photons m-2 d-1 in July 2010 (Fig. 2a; daily
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mean PAR values are shown in ESM Fig. S1a). Two

periods were distinguished based on the monthly mean

PARs: (1) a high-radiation period from April to September

(27.3 ± 1.0 mol photons m-2 d-1, n = 3) and (2) a low-

radiation period from October to March (12.1 ± 0.6 mol

photons m-2 d-1, n = 3; Fig. 2a).

The mean annual ST at L’Ampolla was 18.5 ± 0.4 �C
(2009–2011, n = 3) and ranged between 17.7 and 18.9 �C
(Fig. 2b). The thermal regime was characterized by marked

seasonality with monthly mean STs ranging from 11.7 �C
in February 2010 to 27.1 �C in August 2009 and a mean

thermal amplitude of 13.9 ± 0.2 �C during the annual

cycle. The minimum mean daily ST was observed in

February 2010 (10.1 �C), and the maximum occurred in

August 2009 (28.6 �C; ESM Fig. S1b). Based on the

monthly mean STs, two periods were identified (each

separated by a 1-month shift): (1) a cold period from

December to April (13.5 ± 0.1 �C, n = 4) with a warming

shift in May (18.1 ± 0.4 �C, n = 4) and (2) a warm period

from June to October (23.6 ± 0.5 �C, n = 3) with a

cooling shift in November (17.4 ± 0.6 �C, n = 4; Fig. 2b).

The PAR and thermal regimes exhibited similar sea-

sonal trends but with a time delay (i.e., the maximum

seasonal peaks in ST shifted to the right relative to the

maximum peaks in PAR; Fig. 2). Based on the daily

means, cross-correlation analysis revealed that the highest

positive Pearson correlation coefficients were between the

ST and the PAR measured 1–2 months earlier (the maxi-

mum correlation at -40-d lag, r = 0.79; ESM Fig. S1c).

The wave-like form of the cross-correlation plot, with

peaks separated by *6 months, reflected the seasonal

nature of the changes in PAR and ST.

Annual cycle of coral partial mortality

The seasonal advent of partial mortality (i.e., tissue loss

resulting in a denuded skeleton) and recovery in the O.

patagonica colonies was the most predominant process and

occurred each year throughout the four annual cycles

examined at L’Ampolla (Fig. 3). The phenomenon of

partial mortality began affecting small, unconnected parts

of the coenosarc, exposing the denuded coenosteum in

different (central and peripheral) but isolated parts of the

colony (i.e., multifocal distribution; e.g., January in Fig. 3).

In this first phase, partial mortality usually followed a

progressive coalescence of the multifocal denuded skeleton

that was conducive to the loss of nearly the entire coeno-

sarc, but the remaining polyps remained healthy (alive and

brown in color) and isolated within the calyx (e.g., April in

Fig. 3). The phenomenon was rarely observed in the final

phase, in which the isolated polyps disappeared from parts

of the colony, leaving a completely denuded skeleton.

The first symptoms of denuded partial mortality were

detected in December, and the symptoms increased until

April of each year when the highest values were detected

(49 ± 9%, 2009–2012, n = 4; Fig. 4a). The April peak in

partial mortality resulted in the highest percentage of

colonies with moderate and severe partial mortality ([15%,

75 ± 10%; ESM Fig. S2). The mean rate of partial mor-

tality from December to April was 0.32 ± 0.08% d-1

(n = 7; Fig. 4b, c), which is equivalent to

10.0 ± 3.1 mm2 d-1. The colonies started to exhibit signs

of recovery in May, when the tissue surrounding the

denuded skeleton began to recover. The mean annual peak

in the tissue regeneration rate from May to July was

-0.35 ± 0.02% d-1 (2009–2012, n = 4; Fig. 4b, c),

which is equivalent to -10.3 ± 2.7 mm2 d-1. By July, the

mean extent of partial mortality was reduced to 24 ± 4%

of the April peak each year (2009–2012, n = 4; Fig. 4a).

Fig. 3 Monitoring of a colony of Oculina patagonica from January

2010 to December 2011. Partial mortality occurred during winter and

early spring, followed by recovery in late spring and linear extension

during summer and autumn. The perimeter from January 2010 is

superimposed on that from December 2011. Scale bars 3.40 cm
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Some overgrowth of the denuded coral skeleton by fila-

mentous and foliose algae and deposition of sediment

particles occurred during the mortality and recovery peri-

ods (Fig. 3), so after this rapid recovery phase, tissue

regeneration of the remaining areas of partial mortality

continued at a slower pace from August to November

(-0.05 ± 0.03% d-1, n = 5; Fig. 4b, c). Partial mortality

rate values from this slow recovery phase were excluded in

the regression analysis with environmental parameters,

because lesion regeneration was already completed or

affected by algae overgrowth. Overall, the regeneration

process led to the lowest mean extent of partial mortality

(4–8%, 2009–2011, n = 3) and the lowest percentage of

colonies with mild partial mortality (\15%, 96 ± 2%) in

November; these values remained low until the initiation of

the subsequent partial mortality event in December

(Fig. 4a; ESM Fig. S2). The occurrence of a recently

denuded skeleton and/or visually apparent bleaching was

not observed from May to November in any of the study

years (Figs. 3, 4).

Annual cycle of coral growth

The mean size of the O. patagonica colonies increased from

10 ± 1 cm2 in November 2008 to 60 ± 12 cm2 in August

2012 at a mean linear extension rate of 13.27 ± 2.95 cm2 -

yr-1 (Fig. 5a), which is equivalent to a mean increase in

colony diameter of 1.27 ± 0.19 cm yr-1. The maximum

linear extension rate of an individual colony was

2.47 cm diameter yr-1. Coral growth exhibited a marked

pattern of seasonal variation that repeatedly occurred during

the *4-yr study period (Fig. 5). The mean linear extension

rate reached a minimum during the 6 months from Decem-

ber to May (0.0016 ± 0.0007 cm diameter d-1, n = 9;

Fig. 5b, c), which coincided with a decrease in living colony

size (i.e., the extent of the coral tissue, which is comple-

mentary to the proportion of partial mortality) between

December and April (Fig. 5a). Despite this decline in live

tissue, coral skeleton growth resumed in June following the

rapid tissue regeneration that started in May (Fig. 5a). The

mean linear extension rate during the*6 months from June

to November (growing period) was 0.0058 ± 0.0007 cm

diameter d-1 (n = 7; Fig. 5b, c).

Coral mortality and growth in relation

to environmental variables

The rate of O. patagonica partial mortality was negatively

related to ST (p = 0.0290) but did not exhibit a significant

relationship with PAR (p = 0.64) (multiple regression:

F2,8 = 15.79, r2 = 0.80, p = 0.0017, n = 11; values from

the slow recovery phase were excluded). The proportion of

colony partial mortality and ST displayed opposite trends

but with a time delay (i.e., the maximum seasonal peaks in

partial mortality shifted right relative to the minimum

peaks in ST; Fig. 4a), and cross-correlation analysis indi-

cated that ST and the proportion of partial mortality were

negatively correlated and that the highest Pearson corre-

lation coefficient was associated with a lag of –78 d

(r = -0.68; ESM Fig. S3a). These results indicated that
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the pattern of increased partial mortality was preceded by

the minimum ST values 2–3 months earlier (i.e., the April

peak in partial mortality was related to the lowest ST in

January–February; Fig. 4a). The rate of partial mortality

and ST exhibited opposite trends with no time delay (i.e.,

the maximum seasonal peaks in partial mortality rate

coincided with the minimum peaks in ST; Fig. 4b; ESM

Fig. S3b), and there was a negative relationship between

the two variables (r2 = 0.79, p = 0.0002, n = 11),

indicating that the positive mortality rate values might be

related to the \14 �C threshold that commonly occurred

from December to April (Fig. 6a). These results suggest

that cold STs are an important factor influencing O.

patagonica partial mortality in the study area.

The linear extension rate of O. patagonica colonies was

positively related to ST (p = 0.0008) but did not have a

significant relationship with PAR (p = 0.10) (multiple

regression: F2,13 = 12.63, r2 = 0.66, p = 0.0009). The

linear extension rate and ST exhibited similar trends with

no time delay (i.e., the maximum peaks in the linear

extension rate coincided with the maximum peaks in ST;

Fig. 5b, ESM Fig. S3c), and there was a positive rela-

tionship between the two variables, with higher linear
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perature (ST, dashed lines and crosses) at L’Ampolla. a Total and

living colony size on each sampling date (n = 17). Colony linear

extension rate b over the study period and c on an ordinal date for
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for coral performance and mean ± SD for ST. Two linear extension

patterns depending on the severity of the annual event of denuded

partial mortality are depicted: the pattern observed in 2009 (dashed
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extension rates related to the[16 �C threshold that com-

monly occurred from May to November (Fig. 6b). These

results suggest that warm STs are an important factor

increasing O. patagonica linear extension in the study area.

These results demonstrate that ST is related to both

partial mortality and linear extension of the species. Con-

sequently, a cross-correlation analysis was conducted to

examine the potential trade-offs between the two processes.

The highest negative correlation between colony partial

mortality and linear extension rates occurred at a –48-d lag

(ESM Fig. S3d), indicating that the high partial mortality

rate from the previous 1–2 months negatively affected

linear extension of the colonies.

Inter-annual variability in coral mortality

and growth in relation to ST

The yearly peak in mean denuded partial mortality

observed in April was always associated with similarly low

values of partial mortality due to overgrowth in November

(2–8%, 2008–2011), despite the fact that the April peak in

2009 (26%) was approximately half as large as those in

2010, 2011 and 2012 (48, 57 and 66%, respectively;

Fig. 4a). Similarly, the percentage of colonies suffering

from moderate to severe partial mortality ([15%) in April

2009 (45%) was 45–51% lower than those in 2010, 2011

and 2012 (83, 82 and 91%, respectively; ESM Fig. S2).

The annual peak in the partial mortality rate was also lower

in 2009 (0.18 ± 0.04% d-1) than in 2010, 2011 and 2012

(0.54 ± 0.03% d-1; one-way repeated-measures ANOVA,

F3,84 = 10.62, p\ 0.0001). The number of days that ST

was B19 to B13 �C did not vary significantly among the

cold periods studied (2008–2009 to 2011–2012, n = 4; v2,
p[ 0.05). However, the mean number of days that ST was

B12 �C was 20 ± 4 d in 2009–2010, 2010–2011 and

2011–2012, a threshold that was not reached during the

cold period of 2008–2009 (v2, p\ 0.05; ESM Table S1).

These results indicate that the occurrence of partial mor-

tality was lower during the less severe cold period of

2008–2009 than during the other three more severe cold

periods.

Generally, colony partial mortality occurred during the

cold period (December–April) and was followed by tissue

regeneration and linear extension. The annual peak in the

regeneration rate was similar among the studied years

(0.35 ± 0.02% d-1, 2009–2012; one-way repeated-mea-

sures ANOVA, F3,84 = 0.84, p[ 0.05). Hence, the time

required for nearly complete regeneration of the tissue (i.e.,

when the lowest partial mortality values, of 4–8%, were

first reached) appeared to be related to the severity of the

annual partial mortality episodes (i.e., the time required for

regeneration was longer in years showing high denuded

partial mortality in April), which contributed to the inter-

annual variation of the duration of the negative effect of

partial mortality on the linear extension rate. As a result,

the lower incidence of partial mortality in 2009 resulted in

complete regeneration by June, but as the incidence of

partial mortality increased in the following years (2010 and

2011), the regeneration time was longer (September and

December, respectively; Fig. 4). This pattern is consistent

with the higher linear extension rate observed in May 2009

(0.0063 ± 0.0008 cm diameter d-1) compared to May

2010 and 2011 (0.0003 ± 0.0018 cm diameter d-1,

n = 2) and the twofold higher peak in the linear extension

rate in July–August in 2009 (0.0100 ± 0.0010 cm diame-

ter d-1) compared with 2010 and 2011 (0.0053 ±

0.0001 cm diameter d-1, n = 2; Fig. 5b, c). The mean

annual linear extension rate of O. patagonica was twofold

higher in 2009 (1.91 ± 0.25 cm diameter yr-1) than in

2010 and 2011 (0.86 ± 0.22 and 1.03 ± 0.27 cm diame-

ter yr-1, respectively; one-way repeated-measures

ANOVA, F2,56 = 19.36, p\ 0.0001). These results indi-

cate that ST may be exerting a direct effect on the growth

dynamics of the species as well as an indirect effect

through partial mortality. The number of days in which the

ST was C20 to C24 �C did not vary significantly among

the warm periods during the study (2009–2011, n = 3; v2,
p[ 0.05), whereas the C25 to C27 �C thresholds in the

2009 warm period were higher than those in 2010 and 2011

(v2, p\ 0.05; ESM Table S1). For instance, the number of

days in which the ST was C25 �C was 25 and 60% higher

in 2009 than in 2010 and 2011, respectively. However,

recently denuded skeletons and/or visually apparent

bleaching were not observed during the summer and fall in

any of the study years.

Discussion

Pattern of partial mortality and tissue regeneration

The yearly occurrence of denuded partial mortality in the

O. patagonica colonies in winter (December–April) was

the most distinctive process observed during the study. The

denuded skeleton resulted from progressive tissue loss,

which caused a loss of coloniality (i.e., dissociation of

polyps from their connective coenosarc). The presence of

colonies with brown, isolated polyps within the calyx dis-

tributed over a white coenosteum was a sign of the

observed partial mortality, which we usually refer to as a

Dalmatian mortality pattern (Fig. 7). The usual persistence

of isolated brown polyps on the colonies distinguished the

observed pattern of mortality from the pattern of tissue loss

documented at the end of summer in colonies from

Albissola, Monaco and Portman; although these colonies

also exhibit areas of isolated brown polyps, they commonly
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display patches of completely denuded skeleton (i.e., the

coenosteum and calyx; Rodolfo-Metalpa et al. 2008, 2014)

that were rarely observed in our study. The process of

denuded partial mortality that affected the colonies at our

study site during winter resembled that observed in Feb-

ruary 2006 in Monaco (Rodolfo-Metalpa et al. 2008).

Colonies responded a similar way to reduced pH conditions

in aquaria (Kvitt et al. 2015). The process observed in

February 2006 did not appear to impact the dynamics of the

species because the colonies completely regenerated by

May, and the process was only observed during one year

(Rodolfo-Metalpa et al. 2008). The dissociation of polyps

from the coenosarc at low pH appears to be an essential

mechanism mediated by apoptosis by which the species

withstands acidification (Kvitt et al. 2015). Although

addressing the mechanisms of tissue loss was outside the

scope of this study, we did not observe any evidence of

tissue necrosis that might have indicated that apoptosis was

involved. As observed in other zooxanthellate coral spe-

cies, the symptoms of the responses to different types of

stress can be similar (e.g., Gates et al. 1992; Roth et al.

2012).

Lesion recovery is fundamental to coral survival, and

during this 4-yr study, the O. patagonica colonies began to

recover shortly (a few days) after the peak of partial

mortality in April and were nearly fully recovered (down to

4–8%) from the yearly, recurrent partial mortality episodes.

Over the *4-yr study, the average regeneration rate was

10.3 mm2 d-1, a rate that occurred in the absence of

competition with other organisms (Fine and Loya 2003).

This rate was 2.5-fold faster than the recovery rate of

unbleached colonies documented in the Levant Sea

(4.09 mm2 d-1; Fine et al. 2002). Fine et al. (2002)

observed that lesion regeneration in unbleached O. patag-

onica colonies resulted in intra-colonial translocation of

resources toward recuperating lesions 4–5 cm away,

whereas bleached colonies exhibited no lesion regenera-

tion. These observations are consistent with tissue regen-

eration as an energetically costly process, as has been

documented in other species (Oren et al. 2001). Thus, the

more rapid regeneration rate at L’Ampolla might be

attributable to the timing of the recovery of the lesions

during the favorable growing season, whereas in the Levant

Sea, recovery was examined during the unfavorable

bleaching season (Fine et al. 2001, 2002). The denuded

partial mortality of O. patagonica, which usually left

polyps alive but isolated within the calyx, represents a

characteristic pattern that may favor regeneration because

(1) it increases the relationship between the wound

perimeter and lesion size, which has been shown to posi-

tively correlate with the regeneration rate (Meesters et al.

1997), and (2) it rids the colony of energetically costly

processes, such as calcification, and tissues (Kvitt et al.

2015). Moreover, the small polyp size and encrusting

morphology of O. patagonica colonies may help to main-

tain mass transfer, which also favors lesion regeneration

(e.g., van Woesik et al. 2012). The immediate initiation of

regeneration at the end of the partial mortality event points

to the prioritization of this life-preserving process that

helps to reduce the detrimental effects of the settlement of

algae and other organisms on the skeleton and the disrup-

tion of the physiological integration of the colony (Oren

et al. 2001).

Potential causes of the observed pattern of partial

mortality and growth

The complex interaction between ST and light on zoox-

anthellate corals (Lesser 1996) suggests that both factors

are relevant to the seasonal dynamics of colony partial

mortality in O. patagonica. However, although the loss of

tissue in the coenosarc but not in the polyps might suggest

Fig. 7 Dalmatian mortality

pattern in Oculina patagonica:

a general view and b close-up

view
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a light effect, two sources of evidence suggest a secondary

role of light in the observed pattern of partial mortality.

First, the process of partial mortality started in December,

the period with the lowest PAR levels. Second, the annual

pattern of partial mortality exhibited a negative relationship

with ST but not PAR.

The linear extension of O. patagonica colonies was

positively related to ST but not to PAR, which also indi-

cates that light might play a secondary role in the growth

pattern of O. patagonica, in accordance with the results of

previous studies (Shenkar et al. 2005; Rodolfo-Metalpa

et al. 2008; Rubio-Portillo et al. 2014b). This finding is also

consistent with the lack of a negative effect of turbidity on

colony growth observed by Rubio-Portillo et al. (2014b),

who observed that growth of the colonies did not differ

between a harbor and a marine protected area, despite the

much greater sedimentation in the harbor and the conse-

quent reduction in light due to turbidity. This observation

supports the hypothesis that O. patagonicamay have a high

capacity for photoacclimation to distinct and variable light

regimes that may allow it to function as a facultative

zooxanthellate and thrive in a wide range of light condi-

tions, as has been observed (Fine et al. 2001; Rodolfo-

Metalpa et al. 2014). Such characteristics would be con-

sistent with the secondary role that light usually plays in

promoting coral growth at high latitudes (Miller 1998;

Rodolfo-Metalpa et al. 2008; Dimond et al. 2013). The

absence of bleaching and/or mortality in the study area in

summer might be related to the relatively low PAR levels

caused by river runoff, which has also been suggested to

contribute to the lack of partial mortality in response to

warming in the laboratory (Rodolfo-Metalpa et al. 2014).

During the four annual cycles that were examined, the

partial mortality episodes at L’Ampolla occurred during

the cold periods, and thus we estimated the extent of

exposure of this coral species to low ST based on data from

this study and previous field studies to examine whether the

intensity of the partial mortality episodes was related to the

severity of the cold ST period. During the warmest winter

at L’Ampolla, 2008–2009 (63 d B 13 �C, 0 d B 12 �C;
ESM Table S1), the peak in partial mortality (26%) was

similar to that reported during the winter of 2005–2006 in

Monaco (5–20%) under similarly cold ST conditions

(66 d B 13 �C, 0 d B 12 �C; Rodolfo-Metalpa et al.

2008). By contrast, the higher incidence of partial mortality

(48–66%) during the more severe cold ST periods

(2009–2010 to 2011–2012) at L’Ampolla could be related

to exposure to the B12 �C threshold (15–29 d; ESM

Table S1), suggesting that years with severely cold ST

periods increased partial mortality in O. patagonica. The

analysis of published data is consistent with this hypothesis

because coral populations in the mid-Balearic Sea did not

suffer from partial mortality and/or visually apparent

bleaching during the winter of 2010–2011 (0 d B 13 �C;
Rubio-Portillo et al. 2014b) nor during the examined

winters since 1993 in the Levant Sea (0 d B 16 �C; e.g.,
Fine et al. 2001; Shenkar et al. 2005, 2006). Thus, the

degree of exposure to cold ST appears to be related to the

occurrence and severity of partial mortality events. How-

ever, although the cold thermal regimes at L’Ampolla were

similar between 2010 and 2012, our results showed that the

yearly peak in O. patagonica partial mortality gradually

increased during this time period (Fig. 4a; ESM Table S1).

As observed during consecutive extreme summers in

Porites astreoides (Schoepf et al. 2015), we hypothesize

that the cumulative impact of consecutive winter events of

partial mortality may have affected the physiological status

(energy budget) of the colonies, thus diminishing their

recovery capacity.

The recurrent and severe partial mortality of the colo-

nies in winter indicates that cold ST may be exerting both a

direct effect on the linear extension dynamics of the species

and an indirect effect via partial mortality, as the growth of

the colonies did not resume until the colonies recovered

from their lesions. Such direct and indirect effects are

consistent with (1) the lower incidence of partial mortality

during the warmest first winter period at L’Ampolla

(2008–2009), which reduced the time needed for complete

tissue regeneration, and (2) the twofold higher linear

extension detected in 2009 compared to 2010 and 2011.

Our interpretation is that the high linear extension observed

in summer 2009 was not an isolated estimate that could be

considered an outlier because compared to the other years,

linear extension in that year was also higher in spring and

fall. Although the colonies in 2009 were exposed to 27 �C
during summer, the linear extension in fall suggested no

detrimental effect on the colonies (probably due to the low

PAR levels, see above). The lack of a detrimental effect

may be related to the lower impact of partial mortality in

winter 2008–2009, which permitted rapid recovery and an

earlier onset of the linear extension period (Figs. 4, 5).

These results suggest the occurrence of two linear exten-

sion patterns depending on the severity of the annual event

of denuded partial mortality: the pattern observed in 2009,

i.e., an increase with ST up to *26 �C, and that observed

in the other years, i.e., an increase with ST up to *20 �C
and then a plateau, which may be related to the cost of the

regeneration process (Fig. 6b). Thus, cold STs may be

playing an important role in constraining the growth

dynamics of O. patagonica at the northern limit of its

distribution, in contrast to the dynamics documented in the

Levant Sea, where growth occurs during the cold period

(16–26 �C, November–May) and bleaching recurrently

affects the colonies in summer ([26–32 �C, June–October;
Fine et al. 2002; Shenkar et al. 2005). The O. patagonica

linear extension rate at L’Ampolla during the study period
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(1.27 cm in diameter yr-1) was 69–112% higher than those

in natural populations from the Levant Sea (0.60–0.75 cm

in diameter yr-1; Fine et al. 2001), suggesting that the

negative effects of high ST stress occurring at the Levant

Sea are more harmful than the cold ST stress occurring at

the north Balearic Sea. This conclusion is consistent with

previous studies documenting the effect of cold STs on

corals (Gates et al. 1992; Saxby et al. 2003; Hoegh-Guld-

berg et al. 2005; Colella et al. 2012) and the differential

effect of low- and high-ST stress on Acropora yongei (Roth

et al. 2012). However, the detrimental effect of competition

on scleractinian corals (e.g., Fine and Loya 2003), which

may diminish coral linear extension in natural populations,

was excluded in our study.

Our results also indicate a trade-off between regenera-

tion and linear extension that is consistent with the priority

of energy allocation to recovery rather than to other bio-

logical processes. This trade-off is in agreement with pre-

vious studies from the Levant Sea, where bleaching and

mortality events in O. patagonica during summer result in

a low-energy state of the colonies that is responsible for the

cessation of resource translocation and a reduction in

gametogenesis and colony growth (Fine et al. 2001, 2002;

Armoza-Zvuloni et al. 2011). The recurrent mortality

events at L’Ampolla peaked in April and overlapped

temporally with the gametogenesis of O. patagonica

(March–September; Fine et al. 2001), suggesting that this

energy shortage might also impair species reproduction and

population growth.

The results of this study have demonstrated that O.

patagonica at this northern limit of its distribution can

survive and grow under wide seasonal variation in ST

(monthly mean ranging from 11.7 to 27.1 �C). The coral

exhibits a strong seasonal cycle that includes partial mor-

tality and cessation of linear extension during winter (De-

cember to April), tissue regeneration starting in late spring

(May) and linear extension during summer and fall (June to

November), a cycle that appears to be primarily driven by

ST. However, our data provide only correlational evidence,

and causation of the observed pattern of denuded skeleton

cannot be determined without additional experimental

work. Partial mortality affected approximately half of the

surface area and most of the colonies (*70%) and

occurred repeatedly in all four years studied, indicating that

partial mortality is a crucial process affecting the dynamics

of the species, the relevance of which is comparable to that

of the recurrence of summer bleaching in the Levant Sea

(e.g., Fine et al. 2001).

Due to concerns regarding the threat of global warming

to tropical coral reefs, understanding the resilience of

zooxanthellate corals at high latitudes is crucial for pre-

dicting shifts in coral communities and their responses to

climate change. The results of our experimental exclusion

from competition indicate that the recurrent and severe

pattern of denuded skeletons results from unfavorable

environmental conditions that may constrain the population

dynamics of the coral and affect the poleward expansion of

the species. However, O. patagonica can withstand harsh

environments because of its high regeneration capacity,

which is among the highest reported for a coral species,

particularly at high latitudes (Henry and Hart 2005). The

stress response of polyp dissociation from the coenosarc

appears to be a crucial pattern favoring the rapid regener-

ation of the species. The combination of the dissociation

stress response and the rapid regeneration of the species

appears to be a decisive biological characteristic that

enables the species to withstand unfavorable environmental

conditions affecting zooxanthellate coral species at high

latitudes.
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