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Abstract Studying coral populations along depth gradients

is important to find out if deeper habitats can act as

microrefugia from bleaching and/or mortality events

associated with high temperature and irradiance. Skeletal

biometry, growth, and parameters of the solitary, zooxan-

thellate, Mediterranean endemic scleractinian Balanophyl-

lia europaea were determined at depths of 1, 11, and 21 m

in the Dardanelles (Turkey), to (1) compare the population

parameters in the Eastern Mediterranean Sea with the well-

characterized populations in the NW Mediterranean Sea,

that are threatened by ocean warming and acidification; and

(2) assess the variation of studied parameters along a depth

gradient in the Dardanelles. Biometric relationships were

similar to those previously described on Italian coasts. At

shallow depths, average coral height decreased, likely

because of (1) the higher current velocity and wave action

that is expected to limit vertical skeletal growth and/or (2)

the need to increase photoprotection in high light condi-

tions. Only a very slight increase of skeletal bulk density

with depth (and consequent slight decrease of porosity) was

detected, while age–length relationship, linear extension

rate and net calcification rate were homogeneous among

depths. The homogeneous net calcification rate with depth

may depend on the balance between the response of

zooxanthellae photosynthesis to temperature and light. In

fact, shallow depths are likely to experience higher tem-

peratures that negatively affect photosynthetic efficiency of

B. europaea, thus reducing available energy for calcifica-

tion. On the other hand, lower light availability with depth

is expected to decrease photosynthesis and these two

effects may compensate each other. Unexpectedly, the

observed net calcification rate in the Dardanelles was

almost double than the higher value reported in the

northwestern Mediterranean Sea. Further analyses are

required to analyse if energetic trade-offs between skeletal

growth and reproduction differ in the two regions.
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Introduction

Physiological processes of organisms (e.g., calcification,

photosynthesis and respiration), including corals, strongly

depend on environmental conditions (Edmunds and Gates

2002; Reynaud et al. 2003; Krief et al. 2010). The growth

and morphology of many corals are affected by environ-

mental factors such as light, water flow, gravity (Todd

2008, and references therein), pH (Fantazzini et al. 2015),

temperature (Goffredo et al. 2007, 2009; Kružić et al.
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2012), and proximity of other specimens (Elahi 2008).

Even depth influences coral growth and morphology of

some scleractinians. Light irradiance declines with depth

and ambient temperature is often lower in deeper waters,

which may act as refugia from bleaching and/or mortality

events associated with high temperature and irradiance

(Kleypas et al. 2008; Bridge et al. 2014). Thus, information

on deeper coral populations is useful to assess if they can

provide a critical source of propagules to assist the

recovery of adjacent shallow-water populations (Bridge

et al. 2014). In Porites astreoides, Montastraea annularis,

Colpophyllia natans and Siderastrea siderea in Jamaica,

linear extension rate is less in deeper populations, likely as

a response to reduced light and zooxanthellae photosyn-

thesis (Huston 1985). In M. annularis from the Virgin

Islands (USA), linear extension rate decreases at depths

[ 9 m due to lower light, while bulk skeletal density and

net calcification rate (which are maximum at intermediate

depths, 7.5–15 m) are higher due to colder temperatures

(Baker and Weber 1975).

Coral skeletal growth comprises three related characters:

net calcification rate, bulk skeletal density and linear

extension rate (net calcification rate = bulk skeletal den-

sity 9 linear extension rate; Lough and Barnes 2000;

Carricart-Ganivet 2004), whose measurement is essential

when assessing the environmental modulation of coral

skeletal growth, because none of the three parameters is a

perfect predictor of the other two (Dodge and Brass 1984).

These three variables have been investigated along tropical

latitudinal gradients in Porites (Grigg 1982; Lough and

Barnes 2000) and Montastraea, in relation to temperature

and light variation (Carricart-Ganivet 2004). Many studies

on coral skeletal density have focused on bulk density,

which is the mass divided by the total enclosed volume,

including the volume of the enclosed skeletal voids

(porosity). Another measure of skeletal density is micro-

density (mass per unit volume of the material which

composes the skeleton; Barnes and Devereux 1988). As

porosity decreases, bulk density approaches micro-density,

which cannot exceed the density of pure aragonite

(2.94 mg mm-3; Bucher et al. 1998), owing to the pres-

ence of an intra-crystalline organic matrix (Cuif et al.

1999). Bulk density, porosity and micro-density relate to

architechtural features of the skeleton (Chamberlain 1978)

but have rarely been investigated together (e.g., Bucher

et al. 1998; Caroselli et al. 2011; Goffredo et al. 2015),

even though they influence the ability of coral skeletons to

resist natural (Rodgers et al. 2003) and anthropogenic

breakage (Liddle and Kay 1987).

In species that rarely show fragmentation or fusion, it is

possible to determine coral age (Chadwick-Furman et al.

2000), as reef-building corals and solitary scleractinians

record annual growth bands in their skeleton (Pratchett

et al. 2015, and references therein). Growth-band analysis

has been largely used to determine the age of tropical

colonial scleractinians (e.g., Knuston et al. 1972; Budde-

meier and Maragos 1974; Logan and Anderson 1991) as

well as in tropical (Goffredo and Chadwick-Furman 2003)

and temperate solitary forms (e.g., Goffredo et al. 2008;

Caroselli et al. 2012, 2016), allowing to obtain information

of skeletal growth rate during the whole lifespan of the

coral.

Balanophyllia europaea (Risso, 1826) is a solitary,

zooxanthellate scleractinian that lives on rocky substratum

and is endemic to the Mediterranean Sea (Zibrowius 1980).

It is found at depths from 0 to 50 m (Zibrowius 1980).

From a phylogenetic perspective, it shows a unique set of

character traits within the family Dendrophylliidae (Ar-

rigoni et al. 2014). Even though recent investigations of

Turkish scleractinian fauna in the Dardanelles report B.

europaea as one of the dominant shallow-water sclerac-

tinians, with peaks of around 400 individuals m-2 (Özalp

and Alparslan 2016), no information is available on

skeletal growth rate and parameters at this location. In the

well-characterized populations of the northwestern

Mediterranean Sea, the oral disc of B. europaea becomes

more oval as it grows older (Goffredo et al. 2004, 2007)

and skeletal growth decreases with age (Goffredo et al.

2008). High temperatures lead to a reduction in abundance

(Goffredo et al. 2007), net calcification rate and bulk

skeletal density of this species (Goffredo et al. 2009), due

to a thermal inhibition of symbiont photosynthesis and

consequent decrease of available energy for the coral

(Caroselli et al. 2015a). Reduction in net calcification rate

with increasing temperature leads to less dense and more

porous skeletons (Caroselli et al. 2011), due to an increase

of larger pores (Fantazzini et al. 2013). This determines a

decrease in the stiffness of skeletons, which become less

resistant to physical breakage (Goffredo et al. 2015).

Seawater acidification reduces net calcification rate and

bulk skeletal density of this species due to increased

porosity, while linear extension is maintained to reach the

size at sexual maturity (Fantazzini et al. 2015).

The aims of this study were to (1) compare for the first

time the skeletal biometry, growth, and parameters of B.

europaea populations in the Eastern Mediterranean Sea

with the well-characterized populations in the NW

Mediterranean Sea, which are threatened by ocean warm-

ing and acidification; and (2) assess the variation of studied

parameters along a depth gradient in the Dardanelles, to

obtain information on the different responses to environ-

mental conditions that characterizes deeper and shallow

populations.
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Materials and methods

Sampling area

Sampling was performed in the Guzelyali region of the

Dardanelles, Turkey (40�0200400N; 26�2000200E; Fig. 1), the
only area where abundant populations of B. europaea occur

throughout the strait (Özalp et al. 2014). Although it is a

continuous part of the central Marmara basin and mainly

under effect of the flows from the Black Sea, the strait

hosts a peculiar biodiversity with mixed Mediterranean and

Black Sea species, with some unique habitats of seaweeds,

corals, gorgonians, sponges and coralligenous assemblages

of Mediterranean origin (Özalp and Alparslan 2016). The

seafloor mainly consists of sand with sparse boulders and

rocks.

Sample collection

From 1st January to 1st August 2015, 30 specimens of B.

europaea (Fig. 2a) were haphazardly collected by scuba

divers along each of three 20-m long horizontal transects

(parallel to coastline) at 1, 11, and 21 m depth (90 speci-

mens in total). Samples were transported to the marine

science laboratory at Çanakkale Onsekiz Mart University

(COMU) and deposited in the Piri Reis Naval Museum

(Faculty of Marine Science and Technology) with the code

number COMU/PRM-CR 2015/Be1-Be90.

Sample analysis

Tissue of collected corals was removed by immersion in a

10% commercial bleach solution for 3 days and then corals

were dried in an oven at 50 �C for 4 days. A low drying

temperature was used to prevent transitions in skeletal

carbonate phases (Vongsavat et al. 2006) and allow further

characterization of skeletal crystallography (Goffredo et al.

2012). Each sample was observed under a binocular

microscope to remove fragments of substratum and cal-

careous deposits produced by other organisms. Skeletal

length (L: maximum axis of the oral disc), width (W: minor

axis of the oral disc) and height (h: oral-aboral axis) were

measured using a caliper (Fig. 2b) and volume was cal-

culated with the formula V ¼ L
2
� W

2
� h� p (Goffredo

et al. 2007). Corallite mass (M) was determined with an

Ohaus Explorer Pro analytical balance (± 0.0001 g; Car-

oselli et al. 2011).

Age determination and skeletal growth modeling

The age of collected corals was determined based on the

observation that temperate scleractinians deposit one high-

density band in winter and one low-density band in sum-

mer (Peirano et al. 1999). Age was determined by counting

the growth bands on computerized tomography (CT) tan-

gential scans performed through the whole skeleton, by

selecting a slice cutting a whole septum and where growth

Fig. 1 Map of Turkey (small panel) indicating the site where field surveys were carried out (Güzelyali region, the Dardanelles: 40�0200400N,
26�2000200E, large panel)
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bands were clearly distinguishable (Fig. 2c; Goffredo et al.

2008). This technique is commonly used in tropical (e.g.,

Bosscher 1993; Helmle et al. 2000) and temperate scler-

actinians (e.g., Caroselli et al. 2012, 2016), including B.

europaea (e.g., Goffredo et al. 2004, 2008). Mean annual

skeletal growth rate (linear extension rate) was estimated

by dividing polyp length by its age. Mean annual net cal-

cification rate (amount of CaCO3 deposited each year per

area unit) was obtained as net calcification rate

(mg mm-2 yr-1) = bulk skeletal density (mg mm-3) 9 -

linear extension rate (mm yr-1), a formula commonly used

both for reef-building (Lough and Barnes 2000; Carricart-

Ganivet 2004) and solitary corals (e.g., Goffredo et al.

2009; Caroselli et al. 2012, 2016).

Modeling the relationship between age and length

allows to compare the skeletal growth pattern among

populations and to estimate the age of a sample for which

CT scan analysis was not performed, as required for

demographic analyses currently underway. Mean annual

skeletal growth rate was negatively exponentially related to

individual age, as reported for B. europaea (Goffredo et al.

2008) and other Mediterranean solitary corals along Italian

coasts (Caroselli et al. 2012, 2016), This allowed to apply

the von Bertalanffy growth model (von Bertalanffy 1938):

Lt ¼ L1 1� e�kt
� �

where Lt is individual length at age t, L? is the asymptotic

length (maximum expected length in the population), k is a

growth constant and t is the age of the individual. Values of

L? and k, with their confidence intervals (CI), were esti-

mated for each depth through a regression analysis by least

squares procedure developed in the software MATLAB

R2012a (MathWorks, Natick, USA) using raw data of

polyp length and age (measured by CT; see Caroselli et al.

2016), since this method has better fitting properties than

traditional methods (Sparre and Venema 1998).

Skeletal parameters

To obtain skeletal parameters (bulk density, micro-density,

porosity) of collected corals, buoyant weight measurements

were performed using the density determination kit of the

Ohaus Explorer Pro Balance. The standard balance’s pan

was replaced by a suspended weighing support attached to

an underwater weighing pan submerged in a glass beaker

filled with distilled water. Corals were placed in a desic-

cator connected to a vacuum pump for about 1 h to suck

out water and air from the pores. Then, still under vacuum,

the dried corals were soaked by gradually pouring distilled

water inside the desiccator ensuring that no air bubble

formed on their surfaces. This simple and non-destructive

method has been widely used on various corals and allows

to obtain skeletal parameters after some calculations (de-

tails in ESM 1; Barnes and Devereux, 1988; Caroselli et al.

2011).

Temperature data

During 2013 and 2015, sea surface temperature (SST) and

depth temperature (DT) were simultaneously measured

Fig. 2 Living specimen (a), skeleton (b) and computerized tomog-

raphy scan (c) of Balanophyllia europaea. Dotted line in b indicates

polyp length (L = maximum axis of the oral disc). Age was

determined by counting the high density growth bands (hd). In this

sample, the skeleton is 5 yrs old
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once per month by divers at the sampling site, using

mercury thermometers (± 0.1 �C). This timing is not suf-

ficient to accurately characterize daily variation of tem-

perature at each depth. However, the trend of measured

temperatures and the differences among depths are con-

sistent between the 2 yrs (ESM 2) and can be useful as

proxies of average temperature differences among depths

and how they vary through the year. Sea surface temper-

ature (SST; �C) data for the period 2010–2015 were

obtained from NASA Earth Observations (https://neo.sci.

gsfc.nasa.gov). Mean annual SST values were computed

from monthly measurements. A linear regression was

obtained between DT and SST data to estimate at-depth

temperatures during 2010–2015.

Statistical analyses

An analysis of variance (ANOVA) was used to compare

mean length, width, micro-density, bulk density, porosity,

linear extension rate, and net calcification rate among

depths. The non-parametric Kruskal–Wallis test was used

to compare mean height, volume, and mass among the

three depths as an alternative to ANOVA that does not

assume normality of data, as the test is based on data ranks.

This test proved to be more robust than its counterpart in

the case of non-normal distribution of sample data (Potvin

and Roff 1993). Post hoc tests after an ANOVA provide

specific information on which means are significantly dif-

ferent from each other. Tukey’s HSD and Scheffe’s post

hoc tests were used to test differences in skeletal parame-

ters among the three depths. All analyses were computed

using SPSS Statistics 20.0.

Results

Biometry

Polyp length (Fig. 2b) was chosen as the main biometric

parameter since it is a good indicator of skeletal mass and

has been used to represent polyp size in biometric (Gof-

fredo et al. 2004), reproductive biology (Goffredo et al.

2002), skeletal growth (Goffredo et al. 2009; Fantazzini

et al. 2015) and population dynamics studies of B. euro-

paea (Goffredo et al. 2008) and other temperate (Bell and

Turner 2000) and tropical solitary corals (Hoeksema 1991;

Goffredo and Chadwick-Furman 2003).

Polyp width, height, volume and skeletal mass corre-

lated positively with polyp length, while bulk skeletal

density was correlated with polyp length only at 11 m

depth (Fig. 3). Each relationship between biometric

parameters and polyp length was linearized and the

obtained slopes (the original equation exponent) and

intercepts (the natural logarithm of the original factor) were

compared among study sites. Factors and exponents of the

W/L relationships were homogeneous (their confidence

intervals, CI, were overlapped; Table 1; Fig. 3), then data

were pooled to obtain a general W/L relationship across

depths. All other biometric relationships significantly dif-

fered among depths (the CIs of their exponents and factors

were not overlapped; Table 1; Fig. 3). Mean length and

width of samples were homogeneous across depths

(ANOVA, p[ 0.05), while mean height, volume, and mass

were significantly different (Kruskal–Wallis test,

p\ 0.05). Corals increased their mean height, volume, and

mass with increasing depth (Table 2).

Skeletal growth

Mean skeletal growth rate at each depth decreased expo-

nentially with age (Fig. 4), whose variation explained

16–57% of growth rate variance (Fig. 4). On average,

skeletal growth rate decreased from 3.1 mm yr-1 (CI

2.8–3.4) at age \ 5 yrs to 2.4 mm yr-1 (CI 2.3–2.5)

between 5 and 10 yrs, to 1.8 mm yr-1 (CI 1.4–2.2) at age

[ 10 yrs (Fig. 4). By linearizing the exponential growth

curves, slopes and intercepts were compared among the

three depths and with the general one (Table 3). The CI of

slopes and intercepts overlapped with that of the general

values (Table 3), indicating homogeneous exponential

curves among depths, as well as the estimated L? and

k values of the respective von Bertalanffy growth curves

(Fig. 4; Table 3). Thus, age–length data from growth bands

at all depths were pooled obtaining a general

L? = 25.6 mm (21.8–29.5 mm, 95% CI) and a general

k = 0.148 (0.110–0.187, 95% CI; Table 3). According to

the model, young individuals (1–3 yrs old) grew relatively

rapidly (2.3–3.5 mm yr-1), but, as they aged, their skeletal

growth rate decreased (0.8–1.1 mm yr-1 at 8–10 yrs old),

and by the time they were 17–20 yrs old, grew only

0.2–0.3 mm yr-1 (Fig. 4).

Net calcification rate was positively correlated with

linear extension rate (p\ 0.001), but no correlation was

found between bulk skeletal density and net calcification

rate (p[ 0.05) nor between bulk skeletal density and linear

extension rate (p[ 0.05). Bulk skeletal density differed

among depths (ANOVA, p\ 0.001), while linear exten-

sion and net calcification rate were homogeneous

(ANOVA, p[ 0.05; Table 4).

Skeletal parameters

Bulk skeletal density correlated negatively with porosity at

all depths (Fig. 5). Micro-density was slightly and posi-

tively correlated with bulk density and porosity at 1 m

Coral Reefs (2018) 37:633–646 637
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depth and with bulk density at 11 m depth (Fig. 5). No

other correlation was found between skeletal parameters.

No skeletal parameter was correlated with age, except

for two statistically significant but almost horizontal rela-

tionships between micro-density and age at 11 and 21 m

(ESM 3). Mean skeletal parameters differed among depths

(ANOVA, micro-density: p\ 0.001; bulk density:

p\ 0.001; porosity: p\ 0.01; Table 5; Fig. 6). The 1-m

depth group was significantly different compared to 11-

and 21-m depth groups (post-hoc tests, p\ 0.001 for bulk

and micro-density; p\ 0.05 for porosity). Individuals at

1 m depth were statistically more porous and less dense

both in bulk density and micro-density than individuals at

deeper depths (Table 5; Fig. 6). However, bulk density and

micro-density at 1 m were only 10 and \ 5% lower,

respectively, than at 11 and 21 m depth.

Discussion

This is the first investigation of skeletal growth and skeletal

parameters of a scleractinian coral across a depth gradient

in the Mediterranean Sea. It also expands eastward the

recorded longitudinal range of this species with 11 degrees,
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which is outside the most studied regions of NW

Mediterranean and Adriatic Seas, where populations of B.

europaea respond negatively to high temperatures (Car-

oselli and Goffredo 2014). This baseline characterization of

a population in the Dardanelles gives insights for further

comparative studies on other aspects of population condi-

tions at these two regions (e.g., reproduction, demography,

skeletal crystallography).

Biometry

The exponent of the W/L relationship of corals in the

Dardanelles (0.671; Table 1) falls within the range of

Italian populations (0.592–0.844; Goffredo et al. 2007),

indicating that corals have the same oval shape of the oral

disc in these two distant locations. An oval shape facilitates

the rejection of sediment (Foster et al. 1988; Hoeksema

1991; Bongaerts et al. 2012), which may interfere with

coral growth, calcification, respiration, nourishment, pho-

tosynthesis, energy dissipation, tissue damage, fecundity

and settlement (Rosenfeld et al. 1999). However, this

morphology is not strictly related to sedimentation, as some

corals living on vertical walls, such as Caryophyllia inor-

nata, have oval oral discs even if sediment removal is

easily carried out by gravity (Stafford-Smith and Ormond

1992; Caroselli et al. 2015b).

The exponents of the h/L relationship at 1 and 11 m in

the Dardanelles (0.904–1.257; Table 1) were similar to

those observed in the Italian populations at 6 m

(0.971–1.364; Goffredo et al. 2007), while the exponent at

21 m (1.251–1.577; Table 1) was slightly higher. Also

mean height increased with depth (Table 2). Organisms

growing in shallow waters are more influenced by strong

wave action than those living in deeper waters and this

could lead to a weak vertical extension rate (Smith and

Harrison 1977; Adey 1978). The observed increase of

height with depth in B. europaea could be linked to the

above-mentioned stronger wave action at shallower depths.

Light intensity variations associated with depth may also

determine the decrease in coral height at shallow depth.

Some coral species (e.g., the tropical Montipora verrucosa

and Stylophora pistillata) have impressive phenotypic

plasticity capabilities and allowed to test the effect of light

on colony morphology through observations on natural

populations and through cross-transplant experiments on

clonal fragments (Einbinder et al. 2009; Iluz and Dubinsky

2015). Corals growing in high light conditions (i.e., shal-

low depth) typically show massive morphologies or thick

Table 1 Balanophyllia

europaea. Regression

coefficients of the biometric

relationships of collected

samples at the three depths

Dependent variable Depth N Exponent (CI) Factor (CI)

W (mm) 1 m 30 0.656 (0.594–0.718) 1.754 (1.507–2.044)

11 m 30 0.666 (0.612–0.719) 1.647 (1.436–1.889)

21 m 30 0.697 (0.643–0.752) 1.541 (1.340–1.772)

General 90 0.671 (0.639–0.702) 1.657 (1.616–1.699)

h (mm) 1 m 30 1.063 (0.904–1.222) 0.902 (0.609–1.335)

11 m 30 1.112 (0.967–1.257) 0.913 (0.630–1.323)

21 m 30 1.414 (1.251–1.577) 0.436 (0.286–0.664)

V (mm3) 1 m 30 2.719 (2.554–2.884) 1.243 (0.829–1.866)

11 m 30 2.778 (2.602–2.953) 1.181 (0.754–1.848)

21 m 30 3.111 (2.946–3.277) 0.527 (0.344–0.808)

M (g) 1 m 30 2.689 (2.533–2.845) 0.0010 (0.0007–0.0015)

11 m 30 2.635 (2.410–2.859) 0.0011 (0.0006–0.0020)

21 m 30 3.109 (2.863–3.354) 0.0004 (0.0002–0.0007)

Length (mm) is the independent variable. Data were fitted to a power function model y = axb. The factor

‘‘a’’ and the exponent ‘‘b’’ are indicated together with their confidence interval. N number of samples

Table 2 Mean biometric

parameters together with their

confidence intervals (CI) at the

three depths

1 m 11 m 21 m General

L (mm) 12.3 (10.5–14.1) 13.7 (11.5–15.9) 13.9 (11.7–16.2) 13.3 (12.2–14.5)

W (mm) 8.9 (8.1–9.8) 9.2 (8.1–10.3) 9.5 (8.4–10.7) 9.2 (8.7–9.8)

H (mm) 13.3 (11.1–15.4) 17.2 (14.1–20.2) 19.5 (14.8–24.2)

V (mm3) 1553 (1057–2050) 2415 (1645–3185) 3210 (1865–4555)

M (g) 1.15 (0.79–1.52) 1.54 (1.04–2.05) 2.49 (1.34–3.63)

The ‘‘general’’ values are the means across all depths
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branches while conspecifics living in low light conditions

(i.e., deeper depth) have plate-like morphologies or thin

and profused branches (Todd 2008; Einbinder et al. 2009;

Iluz and Dubinsky 2015). This has been interpreted as a

photoprotective strategy at shallow depth and a light-har-

vesting-maximization strategy at deeper depth (Iluz and

Dubinsky 2015). The decrease of coral height at shallow

depth that we observed in this study makes the coral more

massive and indeed this may be related to a photoprotective

response. Alternatively, the Sarıçay Creek (Fig. 1) that

flows almost into the middle of the Dardanelles may pro-

mote higher polyps in deeper waters. Since the current

direction at the mouth of the creek flows to the Aegean Sea,

the creek waters that are exposed to domestic charges,

sewage inputs and agricultural runoffs (Pamukcu et al.

2014) head south with the stream towards our sampling site

(Fig. 1). At this region, the substrate below the Posidonia

lower limit (ca. 17 m depth) is mainly composed of dead-

mild muddy soil (Özalp and Alparslan 2011) and corals

may grow taller to outgrow the accumulation of sediment,

as reported for other cup corals (e.g., Bell and Turner

2000). The morphology of several coral species is reported

to influence their ability to tolerate sedimentation stress

(reviewed in Erftemeijer et al. 2012).

Skeletal growth

Many colonial scleractinians grow indeterminately

(Hughes and Jackson 1985; Bak and Meesters 1998), but

some corals reduce their growth rate as they age, such as

Pocillopora spp. (Grigg and Maragos 1974), Coelastrea

aspera (Sakai 1998; Huang et al. 2014), and Manicina

areolata (Johnson 1992). Determined growth is mainly

found in solitary corals, such as B. europaea (Goffredo

et al. 2008), B. elegans, Paracyathus stearnsii (Gerrodette

1979), Leptopsammia pruvoti (Goffredo et al. 2010; Car-

oselli et al. 2012), C. inornata (Caroselli et al. 2016),

Flabellum alabastrum (Hamel et al. 2010), and mushroom

coral species (e.g., Yamashiro and Nishihira 1998; Gof-

fredo and Chadwick-Furman 2003; Elahi and Edmunds

2007; Knittweis et al. 2009; Gittenberger et al. 2011).
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Fig. 4 Relationships between mean skeletal growth rate and age of

collected corals at the three depths (a–c) and age–length von

Bertalanffy growth curves at each depth with general growth curve

across all depths (d)

Table 3 Exponents and factors of the exponential growth curves and

L? and K values of the von Bertalanffy growth curves at each depth

together with their 95% confidence intervals (CI)

Exponent (CI) Factor (CI)

1 m - 0.081 (- 0.108 to - 0.053) 4.179 (3.625 to 4.816)

11 m - 0.046 (- 0.088 to - 0.005) 3.233 (2.509 to 4.166)

21 m - 0.062 (- 0.083 to - 0.041) 3.529 (2.995 to 4.154)

General - 0.065 (- 0.080 to - 0.050) 3.687 (3.343 to 4.067)

K (CI) L? (CI)

1 m 0.143 (0.074 to 0.212) 27.1 (18.6 to 35.5)

11 m 0.149 (0.038 to 0.261) 26.0 (14.6 to 37.4)

21 m 0.128 (0.077 to 0.180) 26.5 (20.6 to 32.4)

General 0.148 (0.110 to 0.187) 25.6 (21.8 to 29.5)

General values are also indicated
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Polyps of B. europaea reduced their skeletal growth rate

with age at all studied depths, as in NW Mediterranean

populations (Goffredo et al. 2004, 2008, 2009; Fantazzini

et al. 2015). The maximum individual length predicted for

all depths (L? = 25.6 mm) is very close to that of a study

site at similar latitude in the western Mediterranean Sea

(Palinuro, 40�020N, L? = 25.5 mm; Goffredo et al. 2008),

suggesting that the relationship between maximum size and

temperature associated with latitude observed along Italian

coasts may be conserved also in the Eastern Mediterranean

Table 4 Mean bulk skeletal

density, linear extension rate

and net calcification rate with

the 95% confidence intervals

(CI) at the three depths

1 m 11 m 21 m

Linear extension rate (mm yr-1) 2.98 (2.68–3.28) 2.62 (2.26–2.99) 2.47 (2.08–2.86)

Bulk skeletal density (mg mm-3) 1.92 (1.88–1.96) 2.14 (2.09–2.19) 2.10 (2.04–2.16)

Net calcification rate (mg mm-2 yr-1) 5.69 (5.16–6.22) 5.59 (4.87–6.32) 5.17 (4.44–5.89)
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Fig. 5 Regression and correlation analyses between skeletal parameters of Balanophyllia europaea at the three depths. N, number of samples;

R2, Pearson’s coefficient of determination; R, Pearson’s correlation coefficient

Table 5 Mean skeletal

parameters together with their

confidence intervals (CI) at the

three depths

1 m 11 m 21 m

Micro-density (mg mm-3) 2.60 (2.54–2.66) 2.73 (2.72–2.75) 2.71 (2.69–2.73)

Bulk density (mg mm-3) 1.92 (1.88–1.96) 2.14 (2.09–2.19) 2.10 (2.04–2.16)

Porosity (%) 26.2 (24.6–27.9) 21.8 (20.0–23.5) 22.5 (20.2–24.8)
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Sea, leading to similar maximum body size at similar

latitudes.

Corals can preferentially invest calcification resources in

increasing bulk skeletal density or accelerating linear

extension rate, or both. Tropical zooxanthellate corals

show different strategies. Porites sp. invests calcification

resources into linear extension (Lough and Barnes 2000),

while Orbicella annularis allocates them into bulk skeletal

density (Carricart-Ganivet 2004). Along Italian coasts at

6 m depth, B. europaea allocates calcification evenly

between linear extension and skeletal density, thus bal-

ancing the mechanical resistance of the skeleton and the

ability to colonize the substratum quickly (Goffredo et al.

2009). In the Dardanelles, instead, B. europaea allocates

calcification resources more in linear extension rate than in

increasing bulk skeletal density. The possible gains

acquired in the Dardanelles by rapid linear extension at the

expenses of skeletal density need to be characterized in

further studies, but a possible explanation may be related to

the enclosed character of the strait and consequent lower

wave activity. In contrast, along Italian coasts wave action

can be very strong, especially in winter, and strengthening

the skeleton by increasing its density may be more

important for polyp survival. While in tropical colonial

corals skeletal density is less important than colony

architecture in determining skeletal resistance to breakage

(Marhsall 2000), nanoindentation analyses of the relatively

simple and solitary corallites of B. europaea have reported

a strong correlation between bulk skeletal density and

stiffness (Goffredo et al. 2015). It is noteworthy that some

solitary tropical mushroom corals decalcify their skeleton

along radial slits in order to facilitate fragmentation and

dispersal (Hoeksema and Waheed 2011).

Corals showed a higher calcification rate (mean net

calcification rate across depths = 5.48 mg mm-2 yr-1;

Table 4) than populations of B. europaea in the western

Mediterranean (mean net calcification rate among

sites = 1.45 mg mm-2 yr-1; maximum net calcification

rate (Calafuria) = 2.86 mg mm-2 yr-1; Goffredo et al.

2009) with an increment of 278% between means of the

two regions and an increment of 92% between the Dar-

danelles and Calafuria. Since net calcification rate of this

species is inversely related to temperature (Goffredo et al.

2009) the exceptionally high calcification rate in the Dar-

danelles could be expected as related to a lower mean

annual temperature at this region. However, this is not the

case, as the temperature regime at the Dardanelles and at

Calafuria is very similar both as mean and as annual range

(ESM 2 and 3). Also solar radiation, which is highly

dependent on latitude, is unlikely to determine this differ-

ence, because the latitude of the Dardanelles study site is

included in the latitudinal range of investigated NW

Mediterranean populations (Goffredo et al. 2007). Differ-

ent energy investment trade-offs between skeletal growth

and reproduction between the Dardanelles and Calafuria

may be also be responsible for the different calcification

rate and, thus, further investigations on reproductive

parameters (e.g., fecundity) and on the dynamics of envi-

ronmental parameters in the Dardanelles are required to

clarify this issue. This also underlines the importance of

integrating skeletal growth data with other biological
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aspects, such as reproductive information of the popula-

tions, when assessing their response to environmental

changes.

Linear extension and net calcification rates were

homogeneous among depths. This could be related to the

combined effect of light and temperature. Calcification of

zooxanthellate corals is modulated by the light utilization

strategies of symbiotic zooxanthellae (Dustan 1982). Light

generally stimulates photosynthesis, until light saturation is

reached, and further increases can negatively influence

coral growth rate (Caroselli et al. 2015a). In this study,

light intensity decreased with depth, likely causing a

decrease in photosynthesis rate. However, temperature was

higher at shallow depth (ESM 2 and 3), thus leading to

photosynthesis inhibition (Brown and Cossins 2011; Car-

oselli et al. 2015a). At shallow depths, a higher light level

(positive effect) could balance the higher temperature

(negative effect), while at deeper depths, a lower level of

light (negative effect) could balance the lower temperature

(positive effect). Thus, a compensation between the two

effects may lead to the homogeneous linear extension and

net calcification rates among depths. A similar response has

already been observed in some tropical colonial corals that

calcify more rapidly at intermediate than at shallow and

deeper depths (e.g., Montastraea annularis, Baker and

Weber 1975; M. cavernosa, Huston 1985). The difference

of just 1 �C in mean annual temperature between 1 and

21 m depth may seem slight for a temperate species that is

adapted to wide annual temperature fluctuations. However,

when looking at the temperature time series (ESM 2), a

striking difference in temperature range is observed

between 1 m (10.8–26.9 �C) and 21 m (15.5–19.6 �C).
Shallow depths are subject to temperatures up to 7 �C
higher than those recorded at 21 m. Since B. europaea

photosynthesis is negatively affected by high temperatures

(Caroselli et al. 2015a), it seems reasonable that shallow

water populations are stressed by high temperatures at least

in the hottest summer months, while deeper populations

never experience such high temperature conditions. In the

more thermally stable tropical reef environment, corals

generally live close to their upper temperature tolerance

(Jokiel and Coles 1990) and their response to temperature

differences may be even more pronounced (e.g., Maor-

Landaw et al. 2017). Analyses along depth gradients on

tropical reef corals may help to assess if deeper populations

may represent potential micro-refugia from global warm-

ing effects (Kleypas et al. 2008; Bridge et al. 2014).

Skeletal parameters

As in Italian populations, this study confirms the strong

negative correlation between skeletal bulk density and

porosity and the almost absent correlation between skeletal

parameters and age (Caroselli et al. 2011), which seems a

common feature of tropical (e.g., Bucher et al. 1998) and

temperate scleractinian corals (e.g., Caroselli et al. 2011;

Fantazzini et al. 2015; Fig. 5 and ESM 4). Even if calci-

fication resources were preferentially allocated into linear

extension, in the Dardanelles corals were less porous and

denser than in NW Mediterranean basin, as mean porosity

range of Dardanelles populations (20.2–27.9%; Table 5;

Fig. 6) was lower than in Italian populations (29.6–38.2%;

Caroselli et al. 2011). This higher bulk density seems

related to the exceptionally high net calcification rate in the

Dardanelles with respect to NW Mediterranean popula-

tions, already discussed above. A remarkable higher vari-

ability around the negative relationship between porosity

and bulk density was observed at 1-m depth relative to 11-

and 21-m depth (Fig. 5), likely resulting from the lower

environmental stability in shallow waters.

Variations in micro-density, even if statistically signifi-

cant, were not strong enough to cause significant impact on

bulk density. The skeleton of scleractinian corals is a two-

phase material consisting of aragonitic calcium carbonate

associated with an intra-crystalline organic matrix (OM;

Cuif et al. 1999). OM is thought to begin the nucleation of

calcium carbonate and provide a structure for crystallo-

graphic spatial orientation and species-specific architecture

(Addadi and Weiner 1985; Falini et al. 2015). At 11 and

21 m, micro-density increased only of 5.0% among the age

extremes at 11 m, and only of 8.5% at 21 m. A decrease of

intra-crystalline OM content with increasing age, which

has been previously hypothesized (Goffredo et al. 2015),

could explain this slight increase of micro-density with age

(Caroselli et al. 2011). An increase in OM content can

instead be responsible for the lower range of values of

micro-density at 1 m (2.20–2.81 mg mm-3) relative to

11 m (2.65–2.79 mg mm-3) and 21 m (2.55–2.77

mg mm-3; Fig. 5). Based on the deviation from the density

of pure aragonite (2.94 mg mm-3; Bucher et al. 1998),

observed micro-density values translate in an increased

OM content range at 1 m (4–25%) relative to 11 m

(5–10%) and 21 m (6–13%; estimated as OM % =

1 - micro-density/2.94). The higher OM content at 1 m

may influence the mechanical properties of coral skeletons,

which need to endure stronger current and wave regimes

than in deeper waters (the average flow regime is

0.6–1.1 m s-1 at the surface and 0.5–0.6 m s-1 at 30 m

depth; Gökaşan et al. 2008). Alternatively, different kinds

of OM could be produced during the life cycle of the polyp,

leading to precipitation of crystal phases with different

densities, causing the observed increase of micro-density

with age and the lower micro-density at 1 m.

Skeletal porosity slightly decreased with depth, possibly

favoring the mechanical resistance of the skeleton (Gof-

fredo et al. 2015). This is in contrast with previous studies

Coral Reefs (2018) 37:633–646 643

123



stating that corals growing in shallow waters are more

influenced by strong wave action than corals living in

deeper and calmer waters and react by developing a

stronger skeleton (e.g., Adey 1978; Smith and Harrison

1977; Caroselli et al. 2011). A similar pattern has been

reported in colonies of Orbicella annularis in the Virgin

Islands, whose bulk density increases with depth (Baker

and Weber 1975). However, it should be noted that the

magnitude of skeletal bulk density increases with depth

(and consequent slight decrease of porosity) is quite small

(10% variation) and is likely to have minimal biological

consequence on B. europaea.

In conclusion, this study shows that (1) Biometric

relationships of B. europaea in the Dardanelles were sim-

ilar to Italian populations. (2) Corals were higher, with

increasing depth, likely because of decreased mechanical

stress from waves and water movement and/or the lower

light intensity. (3) net calcification and linear extension

rates were homogeneous among depths, possibly due to the

combined effect of temperature and light availability

variation with depth that may balance each other. (4)

Notwithstanding the similar seawater temperatures, net

calcification rates were higher than in Italian populations,

but the driver of this increase still has to be identified and

energetic trade-offs between growth and reproduction may

play a role in this response. Replicating these depth-related

analyses on reef corals, together with information on their

reproductive and demographic traits, will enable to assess

if deeper populations may help coral reefs to endure the

forthcoming, increasingly warming seas.
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646 Coral Reefs (2018) 37:633–646

123


	Skeletal growth, morphology and skeletal parameters of a temperate, solitary and zooxanthellate coral along a depth gradient in the Dardanelles (Turkey)
	Abstract
	Introduction
	Materials and methods
	Sampling area
	Sample collection
	Sample analysis
	Age determination and skeletal growth modeling
	Skeletal parameters
	Temperature data
	Statistical analyses

	Results
	Biometry
	Skeletal growth
	Skeletal parameters

	Discussion
	Biometry
	Skeletal growth
	Skeletal parameters

	Acknowledgements
	References




