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Abstract
Notwithstanding the importance of analyzing the variations of population dynamic traits along environmental gradients for assessing coral resilience to global climate change, temperate areas are more understudied than
tropical regions. In the Mediterranean Sea, some studies are available for its western basin, while there is a lack
of information for its eastern basin. This study starts to ﬁll this gap, by determining the demographic characteristics of the solitary zooxanthellate scleractinian Balanophyllia europaea in the Dardanelles (Turkey) along a
1–21 m depth transect. The population dynamics of B. europaea from this site in the eastern Mediterranean Sea
was compared with the populations in the NW Mediterranean Sea. In particular, the sites of Calafuria and
Palinuro (Tyrrhenian Sea, Italy) were chosen for the comparison since their temperature and latitude, respectively, were similar to that of the Dardanelles population. The population density in the Dardanelles increased
exponentially with depth, possibly due to lower current and wave action, and higher salinity at depth. Age
structure in the Dardanelles was relatively overrepresented in younger age classes with increasing depth. Nevertheless, this difference in age structure was not strong enough to cause trends with depth for all derived demographic parameters. In comparison with Italian populations, age structure presented a higher frequency of
young individuals and were more stable in the Dardanelles, likely due to the less intense wave action. Hosting
different clades of symbiotic algae may also contribute to these differences, but molecular studies are necessary
to verify this hypothesis.

Demographic analysis of coral populations may reveal their
health status and provide information to assess habitat stability
and suitability (Meesters et al. 2001; Caroselli et al. 2016, 2019).
Estimating demographic traits of populations (e.g., mortality,
lifespan, turnover time, recruitment) helps to assess life strategy, reproductive success, and colonization potential (Goffredo
et al. 2008; Caroselli et al. 2019) and to understand the complex relationships between organisms and their environment
(Grigg 1984; Meesters et al. 2001; Caroselli et al. 2016).
To apply some population dynamic models, an age–size relationship is needed (Beverton and Holt 1956; Madin et al. 2012),
but the life history of scleractinian corals may be complex due to
the processes of fragmentation, fusion, partially colony mortality
(Babcock 1991), and budding (Hoeksema and Yeemin 2011),
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which decouple colony age and size and may even cause taxonomic confusion (Hoeksema and Waheed 2011). Because of
this complexity, size-based evaluation of population structure
has been performed (Meesters et al. 2001), and new sizestructured models for coral growth and population dynamics
have been proposed rather than age-based models (ArtzyRandrup et al. 2006). However, in species where the individuals
rarely fragment, bud or fuse and partial mortality is detectable
by anomalies in the regular growth pattern, it is possible to
determine coral age and growth to apply age-based models
(Babcock 1991; Madin et al. 2012). In some coral species, age–
size relationships can be determined through sclerochronological
analyses of annual skeletal growth bands, which can be counted
on computerized tomography scans (Grigg 1984; Goffredo
et al. 2004, 2008; Caroselli et al. 2016, 2019).
Growth and population dynamics traits of many
scleractinian species are sensitive to environmental conditions
(Goffredo et al. 2008; Rodolfo-Metalpa et al. 2008; Caroselli
et al. 2015) such as temperature (Goffredo et al. 2007), light
(Rodolfo-Metalpa et al. 2008), water ﬂow (Purser et al. 2010),
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nutrients (Orejas et al. 2011), waves (Chappel 1980), substrate
slope and structure (Vertino et al. 2010), and pH (Caroselli
et al. 2019). As a result, depth inﬂuences coral growth and
phenotype in some scleractinian corals. For example, in some
species of the genus Madracis from the Caribbean Sea, light
availability determines three different life strategies and strongly
inﬂuences colony morphology (Vermeij and Bak 2002). In
addition, their population density decreases at the shallower
and deeper margins of species distribution (Vermeij and
Bak 2003). In the azooxanthellate coral Caryophyllia smithii at
the sublittoral cliffs of Lough Hyne, Ireland, population density increases with depth in sites characterized by high sedimentation rates, possibly in relation to the high tolerance to
sedimentation of this species in comparison to its competitors
(Bell and Turner 2000).
Balanophyllia europaea (Risso, 1826) is a solitary, zooxanthellate scleractinian coral, which lives on rocky substratum
and is endemic to the Mediterranean Sea, where it is found at
depths from 0 to 50 m (Zibrowius 1980). In the northwestern
Mediterranean populations of B. europaea, sea surface temperature (SST) negatively inﬂuences the photosynthetic efﬁciency
of symbiotic algae, thereby decreasing the available energy for
the coral (Caroselli et al. 2015) and resulting in a decrease of
population density (Goffredo et al. 2007), stability of population age structure and presence of young individuals (Goffredo
et al. 2008), net calciﬁcation rate (Goffredo et al. 2009), skeletal
density (due to an increase in porosity; Fantazzini et al. 2013),
and skeletal mechanical resistance (Goffredo et al. 2015). In
contrast, poor information on this species is available for the
eastern Mediterranean Sea. Investigations in the Turkish seas
have focused on the distribution and ecological differences of
scleractinians present in the eastern Mediterranean Sea (Özalp
and Alparslan 2011). Among them, B. europaea has been
observed as one of the most abundant solitary scleractinians,
together with Leptopsammia pruvoti, Caryophyllia smithii, and
Caryophyllia inornata (Özalp and Alparslan 2011, 2016). In the
Dardanelles, polyps of B. europaea are shorter in shallow-water
populations, possibly due to the stronger ﬂows and wave action
and/or as a morphological strategy of photoprotection under
high-light conditions (Özalp et al. 2018). Linear extension rate
(the increase in one linear dimension of the skeleton over time)
and net calciﬁcation rate are homogeneous along a 1–21 m
depth gradient, possibly due to a compensation between the
response of zooxanthellae to temperature and light (Özalp
et al. 2018). In fact, the higher temperatures at shallow depths
may negatively affect the photosynthetic efﬁciency of
B. europaea, thus reducing available energy for calciﬁcation. On
the other hand, lower light availability with depth is expected
to decrease photosynthesis rates and these two effects may
compensate each other (Özalp et al. 2018). Related to differences between populations in the Mediterranean Sea, net calciﬁcation rate of the Dardanelles population is higher (mean net
calciﬁcation rate at 6 m depth = 5.5 mg mm−2 yr−1; Özalp
et al. 2018) than populations of B. europaea in the western

Mediterranean (mean net calciﬁcation rate at similar latitude at
6 m depth = 1.0 mg mm−2 yr−1, mean net calciﬁcation rate
at similar temperature at 6 m depth = 2.9 mg mm−2 yr−1;
Goffredo et al. 2009).
The aims of this study were to (1) to characterize the
demography of B. europaea along a depth gradient in the Dardanelles, and (2) to compare the population dynamics of
B. europaea from the eastern Mediterranean Sea with the wellcharacterized populations in the western Mediterranean Sea to
better understand the population characteristics of this coral
at two opposite sides of the Mediterranean Sea.

Materials and methods
Study area and photoquadrats
The Dardanelles is one of the waterways of the Turkish
Straits System, which connects the Sea of Marmara to the
Aegean Sea (Fig. 1). A two-layered ﬂow system brings more
saline waters (38–39 ppt; Ünlüata et al. 1990) from the Mediterranean Sea to the Marmara Sea between depths of 10 and
100 m (maximum depth: 113 m; Gökaşan et al. 2008), while
the brackish surface waters (20–28 ppt; Baba et al. 2007) from
the Black Sea to the Mediterranean Sea (Beşiktepe 2003) reach
up to 5 m depth on coastal zones in the region (Özalp 2013).
The more saline waters at the deeper layer of the strait enable
a great biodiversity in some locations and create hotspots for
corals, sponges, tunicates, and other invertebrates of the coralligenous (Topçu and Özalp 2017). The substratum at the survey area is characterized by a dense occurrence of seagrass
communities such as Posidonia oceanica and Zostera marina
between 4 and 10 m and also by serpulid reefs and the only
largest reef habitat of the endangered scleractinian coral
Cladocora caespitosa in the Turkish Straits System (Özalp and
Alparslan 2016). In the Dardanelles, B. europaea is recorded up
to 23 m depth on rocks (Özalp et al. 2014) and exceptionally
on rhizomes of the Mediterranean endemic seagrass
P. oceanica (Özalp and Alparslan 2016). In this region, L. pruvoti
and Caryophyllia smithii are the dominant species between
41–50 m and 21–30 m, with a percent cover of 43% and 32%,
respectively, while most B. europaea individuals occur between
11 and 20 m with a percent cover around 15% (maximum
reported density is 393 individuals m−2; Özalp and
Alparslan 2016). The studied population of B. europaea was
located in the Guzelyali region of the Dardanelles (40 20 400 N;
26 200 200 E; Fig. 1) where this coral is the most common coral
species among other scleractinians such as Cladocora caespitosa
(few sparse colonies) and Caryophyllia smithii (6% percent
cover; Özalp et al. 2014).
From 17 March 2016 to 31 August 2016, photographs of
10 haphazardly placed 20-m long horizontal transects (parallel
to coastline) were taken by scientiﬁc divers with SCUBA equipment at 1, 4, 6, 8, 11, 13, 15, 17, 19, and 21 m depth (i.e., one
transect per depth up to the maximum depth where the species was found in this site) at a site known for its high coral
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Fig. 1. Map of the Mediterranean Sea (upper small panel) and of Turkey (lower small panel) indicating the site where ﬁeld surveys were carried out
(Guzelyali region, the Dardanelles: 40 20 400 N, 26 200 200 E, large panel) and the two populations previously studied in the NW Mediterranean whose population dynamics data (Goffredo et al. 2008) were compared with the Dardanelles population. CL, Calafuria; DR, Dardanelles; PL, Palinuro.

cover. The total linear distance from the coastline to the 21 m
transect was 280 m, and no regular spacing was set between
the transects at each depth layer (it was depending on the
slope of the substratum). For each meter along each horizontal
transect, an aluminum quadrat (1 m2) divided by strings in
four square sectors (0.25 m2 each), was placed on the seabed
and one photograph of each sector was taken (Fig. 2). Photographs of whole quadrats and single photographs of each sector were taken to allow a better resolution of image analysis
measurements.

Image analysis, biometry, and age determination
Photographs were analyzed using the software NIKON
NIS-Elements D 3.1. Coral species were identiﬁed according
to Zibrowius (1980). Balanophyllia europaea was the only
scleractinian coral observed in the photographs, apart from
four sparse individuals of Caryophyllia smithii. The length (L:
maximum axis of the oral disk), width (W: minor axis of the
oral disk), and area of the oral disk of each specimen of
B. europaea were measured. The smallest coral observed had a
length of 1–2 mm and no difﬁculty was found to recognize
coral to the species level, as this species has a unique shape.
For each sector, the area of substrate suitable for the species
(i.e., rocky substratum) was measured and expressed as a percentage of the whole sector area (0.25 m2). The remaining
unsuitable area consisted of muddy or sandy substratum (Fig. 2).
The skeletal mass (M) and age of each specimen were calculated using the mass–length relationships and the age–length
relationship, respectively, previously recorded for this population along the same depth range (1–21 m; Özalp et al. 2018).

Fig. 2. Picture of quadrat 1, sector A at 21 m depth (0.25 m2). Only the
rocky substratum was considered as suitable substratum. All visible corals
are B. europaea specimens.

Population density and dynamics
Since B. europaea occurs on rocky substrata (Zibrowius
1980; Goffredo et al. 2004), only hard substrata were considered as suitable for the species and population density parameters were normalized over this area. The population density of
each quadrat was expressed as: (1) NI—number of individuals
per m2 of suitable substratum; (2) MA—mass per area unit of
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suitable substratum; and (3) P—percent coverage of suitable
substratum (Goffredo et al. 2007).
The observed population age structure for each quadrat was
determined from the image analysis data set described above.
The theoretical population age structure and the corresponding
population age structure stability were modeled for each depth
group (see “Results” section) with a linear regression analysis of
the natural logarithm of the number of individuals (frequency)
in each age class (Nt) against their corresponding age (t):
lnðN t Þ = at + b

ð1Þ

where a is the slope, indicated also with sign changed as
Z (instantaneous rate of mortality), which corresponds to the
decrement of the number of individuals with age and is the
reciprocal of the turnover time of the population (Goffredo
et al. 2008; Caroselli et al. 2016). The intercept b corresponds
to the natural logarithm of the number of individuals at age
zero (N0) (Caroselli et al. 2016). In a theoretical steady state
population (i.e., no age cohort missing or overrepresented;
Grigg 1984), age explains the whole variance in the frequency
of age classes and the r2 of the regression line of Eq. 1 is equal
to one. Lower r2 values correspond to a progressive deviation
of the population from the steady state, thus this value is an
indicator of the stability of population age structure (Sparre
et al. 1989; Goffredo et al. 2004; Caroselli et al. 2016). The
Beverton and Holt model described above was used to obtain
the theoretical population parameters (Beverton and
Holt 1956; Goffredo et al. 2008; Caroselli et al. 2016). Smaller
individuals are difﬁcult to observe, so population age structure
data are usually underrepresented in the younger age classes.
With the Beverton and Holt demographic model, we obtained
the “theoretical” population and we reconstructed the youngest age classes, obtaining additional estimations of population demographic traits (Caroselli et al. 2016). Based on the
observed and theoretical distribution, we obtained the following demographic parameters for each depth group with standard methods: (1) population age structure stability (r2 of
Eq. 1); (2) observed and (3) theoretical mean age of the individuals; (4) observed and (5) theoretical percentage of individuals below sexual maturity, which is reached at  2 yr
( 8 mm length; Goffredo et al. 2002); (6) maximum longevity (deﬁned as the age at which < 0.5% of the initial cohort is
still surviving; Sparre et al. 1989); (7) observed and

(8) theoretical age at maximum percentage biomass;
(9) observed and (10) theoretical mean age of biomass
(Goffredo et al. 2008; Caroselli et al. 2016).
Temperature and wave height data
During 2013 and 2015, divers measured SST and depth temperature (DT) using mercury thermometers ( 0.1 C) while taking the photographs at each depth and annotating the data on
plastic tables. 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 (Özalp et al. 2018). More details on the
data set are found in the Supporting Information of Özalp
et al. 2018. During January 2010–August 2016, daily wave
height data for Calafuria and the Dardanelles were obtained
from data banks. Data for Calafuria were obtained from the
wind-wave forecast system of the LaMMA consortium using
the weather research and forecasting model (WRF; National
Center for Atmospheric Research [NCAR]; National Oceanic
and Atmospheric Administration [NOAA]; Air Force Weather
Agency [AFWA]) and WaveWatch III model (WW3; NOAA and
National Centers for Environmental Prediction). For the Dardanelles, data were provided by the Çanakkale Provincial Directorate of Meteorological Service.
Statistical analyses
A one-way permutation multivariate analysis of variance
(PERMANOVA; Anderson 2001) based on Euclidean distances
was performed with 999 permutations, to test differences in
age structures among depths. Prior to PERMANOVA, the
dimensionality of the problem was reduced by determining
the minimum subset of age classes which would generate the
same multivariate sample pattern by applying the “global
BEST test” (BioEnv + STepwise; Clarke et al. 2008). An ordination analysis (carried out by principal coordinates [PCO];
Gower 1966) was performed on population age structure data
to have a two-dimensional representation of the multidimensional differences in population age structure among
quadrats at each depth. The above analyses were performed
with PRIMER-E version 6.1.18 (PRIMER-E, Ivybridge, UK).
Since assumptions for parametric statistics were met,
ANOVA was used to compare mean of number of individuals

Table 1. General PERMANOVA results of age frequency distribution (classes 1–5 yr, following the BEST analysis, number of permutations = 99, ρ = 0.977, p < 0.01) among depths. SS, sum of squares; MS, mean squares, p (perm), signiﬁcance; p (MC), signiﬁcance after
Monte-Carlo correction for small sample size.
Source

df

SS

MS

Pseudo-F

p (perm)

p (MC)

de
Res

2
122

13,914
49,279

6957.2
403.93

17.224

0.001

0.001

Total

124

63,194
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per m2, mass per area unit of suitable substratum, percent coverage of suitable substratum, and percentage of suitable substratum among depth groups (Altman 1991). The Kruskal–Wallis
test with Monte Carlo correction for small sample size (Potvin
and Roff 1993) was instead used to compare mean population
densities and percentage of suitable substratum among depths.
These analyses were computed using IBM SPSS Statistic 20.
Spearman’s correlation coefﬁcients (Altman 1991) were calculated for the relationships between depth group, population
structure stability, observed and theoretical % of individuals
below sexual maturity, observed and theoretical mean age,
observed and theoretical age at maximum % biomass, and
observed and theoretical mean age of biomass.

Differences in mean and maximum wave height between
Calafuria and the Dardanelles were checked with a paired Student’s t-test.

Results
Population age structure and survivorship
Observed age structures were obtained for each depth.
Populations at 19–21 m exhibited individuals of all age classes
from 0 to 19 yr and presented some sparse plusvariant individuals over 30 yr. Populations at 15–17 m exhibited individuals
of all age classes until 11 yr, while populations at 1–13 m
exhibited individuals up to 14 yr.
The BEST analysis indicated the age classes of 1–5 yr as the
most representative in determining the differences among
depths in the multivariate pattern of population age structures
(number of permutations = 99, ρ = 0.977, p < 0.01). Age frequency distributions of these age classes differed among
depths (PERMANOVA, df = 124, p < 0.001, Table 1). Pair-wise
tests (PERMANOVA, p < 0.001, Table 2) identiﬁed three signiﬁcantly different depth groups: (1) 1–13 m; (2) 15–17 m; and
(3) 19–21 m. A two-dimensional representation of the difference in population age structures among depth groups was
produced with a PCO (Fig. 3). At 1–13 m depth, the age classes
4–5 yr were more represented relatively to the depth 19–21 m,
where age class 1 was relatively overrepresented (Fig. 3). Depth

Table 2. PERMANOVA pairwise test between depth groups
1–13, 15–17, and 19–21 m. p (perm), signiﬁcance; p (MC), signiﬁcance after Monte-Carlo correction for small sample size.
Groups

t

p (perm)

p (MC)

1–13 m vs. 15–17 m
1–13 m vs. 19–21 m

3.1196
3.7806

0.001
0.001

0.001
0.001

15–17 m vs. 19–21 m

6.0267

0.001

0.001

Resemblance: D1 Euclidean distance

40

Depth class
1–13
15–17
19–21

PCO2 (24% of total variation)

2

20
3

0

1
5

–20

4

–40
–60

–40

–20
0
PCO1 (51% of total variation)

20

40

Fig. 3. Principal coordinates plot of age classes 1–5 yr in depth groups (1–13 m, light blue circles; 15–17 m, turquoise circles; 19–21 m, black circles)
based on Euclidean distances. Each circle represents a quadrat. Vectors of age classes 1–5 yr (the most representative in determining differences among
depth groups; BEST analysis, number of permutations = 99, ρ = 0.977, p < 0.01) are superimposed on the PCO in red. From each point in the plot, moving in parallel to the direction of each vector indicates an increase in the corresponding age class.
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Fig. 4. Age-class structures of each depth group as percent of individuals (a–c) and as percent of biomass (d–f). The lines indicate the theoretical distributions. The observed (arrow) and theoretical (black square) age class containing the mean age of the individuals of sampled population are indicated in
(a–c). The observed (black column) and theoretical (black circle) age at maximum percentage biomass are indicated in (e, f). Asterisks indicate the age at
sexual maturity. n = number of individuals dated by growth curves.

Table 3. Demographic parameters of each depth group.
1–13 m

15–17 m

19–21 m

0.974

0.978

0.974

Instantaneous rate of mortality (Z)
Observed % of individuals below sexual maturity

0.580
19.3

0.793
10.5

0.484
46.1

Theoretical % of individuals below sexual maturity

68.8

79.6

62.2

Observed mean age (years)
Theoretical mean age (years)

3.0
1.3

2.7
0.8

2.1
1.6

Observed age at maximum % biomass (years)

4

3

4

Theoretical age at maximum % biomass (years)
Observed mean age of biomass (years)

3
4.6

3
3.7

5
4.5

Theoretical mean age of biomass (years)

4.7

4.1

5.6

Population structure stability (r2)
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y = –0.1807x 2 + 3.6829x + 27.451

% Suitable substratum

100

group 15–17 represented an intermediate situation with relatively overrepresented age classes 2 and 3 (Fig. 3). Data for
each depth group were pooled to obtain age structures (Fig. 4)
and derive the corresponding observed and theoretical demographic parameters (Table 3), none of which had a signiﬁcant
trend with depth (p > 0.05). The age-frequency distributions
revealed a high percentage of individuals under the age of sexual maturity (2 yr old, equivalent to  8 mm; Goffredo
et al. 2004; Özalp et al. 2018) in all depth groups, but juveniles contributed only slightly to percentage biomass (Fig. 4;
Table 3). The majority of biomass was in age classes 3–6 with
peaks at 3 and 4 yr (Fig. 4; Table 3).

R2 = 0.0882; R = 0.297
p < 0.001
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Population density parameters and suitable substratum
Along the considered depth range (1–21 m), the mean percentage of suitable substratum varied signiﬁcantly among
depths (Kruskal–Wallis test, df = 9, p < 0.001) and had a negative parabolic trend with a peak of 46% at around 10 m depth
(Fig. 5a).
The number of individuals per m2 (NI), mass for area unit
(MA), and percentage coverage differed signiﬁcantly (Kruskal–
Wallis test, df = 9, p < 0.001) and were positively and exponentially correlated with depth (Fig. 5b–d). Mean NI varied
from 18 individuals m−2 at 1 m to 548 individuals m−2 at
21 m, mean MA varied from 12 g m−2 at 1 m to 283 g m−2 at
21 m, and percentage coverage varied from 0.1% at 1 m to
2.5% at 21 m (Fig. 5b–d).
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Fig. 5. Regression and correlation analysis between (a) percentage suitable substratum, (b) number of individuals per m2 (NI), (c) mass per area
unit (MA), (d) percentage coverage and depth using a quadratic function
model in (a) and an exponential function model in (b–d). R2 = Pearson’s
coefﬁcient of determination; R = Pearson’s correlation coefﬁcient; N = number of photoquadrats.

This study provided the ﬁrst assessment of population
dynamics traits of a scleractinian coral in the eastern Mediterranean Sea, starting to ﬁll the gap of information regarding
coral demography in this relatively understudied part of the
Mediterranean basin. Variations in coral abundance and population age structure were observed with depth, while demographic parameters resulted different from populations
studied in Italy (NW Mediterranean Sea). Increasing temperature has been considered as the environmental parameter that
mainly drives demographic differences in this species
(Goffredo et al. 2007, 2008), by decreasing the available
energy coming from zooxanthellae photosynthesis (Caroselli
et al. 2015) and causing bleaching and tissue necrosis that lead
to mass-mortality events (Kružic and Popijač 2014). Nevertheless, SST was similar between the NW Mediterranean population of Calafuria and the Dardanelles population in the
eastern Mediterranean Sea, while demographic parameters
were different between the two locations. Another environmental parameter (i.e., wave height) seems to be the most
likely cause that determines this difference, highlighting the
need for analyzing multiple environmental parameters when
trying to determine the resilience of coral populations to a
changing environment.
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(Goffredo et al. 2007). At the Calafuria site (same SST mean and
variability as the Dardanelles; Table 4), B. europaea shows a
mean of 113 individuals m−2 at 6 m depth (Goffredo et al. 2004),
much higher than the Dardanelles population at the same
depth (41 individuals m−2). Consequently, factors other than
temperature have to be taken into account to explain these differences. The negative effects of the lower salinity on coral
populations reported above 12 m depth in the Dardanelles
(Baba et al. 2007; Özalp and Alparslan 2016) may indeed play a
role in determining a lower abundance than at Calafuria. Moreover, the Calafuria population occurred from 2 to 12 m with an
average density of 16 individuals m−2 (Goffredo et al. 2004),
while in the Dardanelles it increased exponentially from 1 m
(18 individuals m−2) to 21 m (548 individuals m−2). The limited
population distribution at Calafuria has been attributed to
water turbidity that reduces light penetration (Goffredo
et al. 2004) and may be inﬂuenced also by the stronger wave
action with respect to the Dardanelles, especially in winter
(Fig. 6; Özalp et al. 2018). Also temperature varies with depth
and the maximum population density at 6 m depth at
Calafuria may depend on a balance between the responses to
all these environmental factors that allows B. europaea to perform better at 6 m depth. In the Dardanelles population, turbidity and temperature effects are likely to be similar to
Calafuria, while wave action is lower due to the enclosed nature
of the strait (Fig. 6; Özalp et al. 2018). The inﬂuence of salinity
favoring corals in deeper water is reported in the Dardanelles
(Baba et al. 2007; Özalp and Alparslan 2016) while it is not present at Calafuria, possibly causing the different response of
population abundance to depth observed in the present study.

Population density parameters and suitable substratum
Since B. europaea is a zooxanthellate coral, its bathymetric distribution is limited by light availability to depths of 0–50 m and
it usually lives on subtidal rock and rocky reefs exposed to light
(Zibrowius 1980). In the Dardanelles, the average higher salinity
of 38.67 PSU (Beşiktepe 2003) below 10 m depth, as compared
to the brackish characteristic of the most superﬁcial water layer,
seems to favor higher coral densities below 10 m depth (Baba
et al. 2007; Özalp and Alparslan 2016). Accordingly, in the present study, all estimates of population density of B. europaea
increased exponentially with depth from 1 to 21 m (Fig. 5).
In symbiotic corals, photosynthesis modulates the population density by supplying energy needed for gametogenesis
and larval development (Carlon 2002) and inﬂuencing polyp
fecundity and larval dispersion capability (Goffredo
et al. 2002, 2004). High temperatures affect negatively
B. europaea photosynthesis, leading to thermal inhibition of
symbiont and reducing available energy for the coral
(Caroselli et al. 2015). In the NW Mediterranean Sea, demographic characteristics of B. europaea have been determined in
six populations, on a latitudinal SST gradient along the Italian
coast (Goffredo et al. 2008). Among these six sites, the Palinuro site is at the same latitude of the Dardanelles population
and it is characterized by mean annual SST of 19.1 C
(Table 4). The Calafuria site is at 43 270 N of latitude, further
north than the Dardanelles site and it presents temperature
range similar to the Dardanelles population (i.e., mean annual
SST in the Calafuria 18.0 vs. 18.3 in the Dardanelles; Table 4).
At the Palinuro site (same latitude as the Dardanelles population; Table 4), population density is lower (24 individuals m−2,
derived from Goffredo et al. 2007) than the Dardanelles population (41 individuals m−2) and this is consistent with the higher
temperatures that characterize Palinuro (Goffredo et al. 2008)
and which are proposed as the main environmental factor limiting the abundance of this species in the NW Mediterranean

Population age structure and survivorship
Observed frequency of age classes < 2 yr was underestimated due to the difﬁculty in detection of small corals during photoquadrats observation (Fig. 4), a common bias when

Table 4. Sea surface temperatures, latitude, r2 (coefﬁcient of determination), and demographic parameters of Calafuria (CL) and
Palinuro (PL) populations and the 1–13 m group in the Dardanelles (DR). Data for Calafuria and Palinuro come from Goffredo
et al. (2004, 2007, 2008, 2009) while data for the Dardanelles come from Özalp et al. (2018).
CL

PL

DR

SST ( C), annual mean
Latitude

18.0
43 270 N

19.1
40 020 N

18.3
40 020 N

Population structure stability (r2)

0.872

0.587

0.974

Observed % of individuals below sexual maturity
Theoretical % of individuals below sexual maturity

39.6
55.7

19.7
41.2

19.3
68.8

Observed mean age (years)

5.5

7.3

3.0

Theoretical mean age (years)
Theoretical maximum longevity (years)

3.1
20

5.3
31

1.3
10

Observed age at maximum % biomass (years)

6

9

4

Theoretical age at maximum % biomass (years)
Observed mean age of biomass (years)

6
7.5

12
9.9

3
4.6

Theoretical mean age of biomass (years)

9.0

14.3

4.7
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(a)

(b)

Fig. 6. (a) Time series of wave height data from January 2010 to August 2016 at the Dardanelles (black lines) and at Calafuria (red lines). The bold lines
represent the monthly mean height and the thin lines represent the monthly minimum and maximum height. (b) Time series of the difference between
Calafuria and the Dardanelles maximum wave height from 2010 to 2016.

analyzing ﬁeld samples (e.g., Goffredo et al. 2008; Caroselli
et al. 2016). Polyps became sexually mature at 2 yr and this
class showed high percentage of individuals in all depth
groups even if relatively more 1-yr-old polyps were found in
the 19–21 m group (Fig. 4). Mean coral age at all depth groups
was close to the age at sexual maturity (Table 3). Population
age structures were signiﬁcantly different among depths, but
this difference was not strong enough to cause clear differences or trends related with depth for all derived demographic
parameters (Table 3).
The stability value for the Dardanelles population of
B. europaea r2 was similar in all depth groups and > 0.97
(Table 3), indicating stable populations across the whole environmental variation along the depth gradient. Stability in the
Dardanelles was higher than at Calafuria (r2 = 0.872) and Palinuro (r2 = 0.587). This difference might depend on the enclosed
nature of the strait which makes its shores less subject to the frequent and violent storms that characterize the winter along Italian shores, especially at Calafuria (Fig. 6; Özalp et al. 2018). In
fact, while mean wave height is similar between the two sites,
the maximum wave height is deﬁnitely higher in Calafuria
(Fig. 6). Studies on tropical coral species have demonstrated
how intense wave action is able to dislodge corals from their

substratum, thus inﬂuencing population demography (Madin
et al. 2012). In addition, the higher stability in the Dardanelles
population might also be inﬂuenced by the clade of zooxanthellae in polyp tissues, which could have different environmental
tolerances (e.g., light, temperature, sedimentation; Knowlton
and Rohwer 2003). For B. europaea, high temperatures experienced in summer inhibit photosynthesis and contribute to
reduce calciﬁcation rate and reproductive efﬁciency (Goffredo
et al. 2007, 2008, 2009; Caroselli et al. 2015). In the NW Mediterranean, B. europaea is reported to host zooxanthellae belonging to clade A that showed to be resistant to short-term
increases in temperature (Rodolfo-Metalpa et al. 2006), but
recently, individuals at Ischia Island (Italy) have been reported
to host mixed clade A and phylotype B2 (Meron et al. 2012).
Clade B responds differently to temperature than clade A and
shows maximum activity only at warm temperature, while it is
inactive in the cold season (Casado-Amezúa et al. 2014). Molecular analysis of clades of zooxanthellae in in the eastern Mediterranean could clarify if they have a role in determining a
higher stability in the Dardanelles. Other possible explanations
include a better representativity of sampled population in the
Dardanelles than in Italy, where the number of quadrats analyzed is higher (10 per depth in the Dardanelles against 3 in
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Italian populations; Goffredo et al. 2008) and may have resulted
in a better shape of age class frequencies without any over/
underrepresented age classes, except for very small ones.
The solitary coral B. europaea reaches sexual maturity at the
size of 6–9 mm (Goffredo et al. 2002), which corresponds to
and age of 2 yr in the Dardanelles and an age of 3–4 yr at
Calafuria and Palinuro (Goffredo et al. 2008), due to the different linear extension rate (Özalp et al. 2018). The Dardanelles
population also presented lower mean ages than all Italian
populations. In particular, all depth groups had mean age ≤ 3 yr
(Table 3). Consistently, observed and theoretical age at maximum percentage of biomass and observed and theoretical mean
age of biomass in the Dardanelles were similar along the depth
gradient (Table 3) and all Italian populations presented higher
values (Table 4). The Dardanelles population was younger and
had more biomass gathered in young age classes than Italian
populations. Moreover, maximum estimated longevity in the
Dardanelles (10 yr) was very low in comparison with Calafuria
and Palinuro (20 and 31, respectively), strongly contributing to
the observed younger age of the Dardanelles population. The
older mean age caused by a deﬁciency of young individuals
with increasing temperature has been considered a negative
response of this species along Italian coasts (Goffredo
et al. 2008). Accordingly, Dardanelles populations seem to
thrive in their environment, consistently with the higher stability discussed above. Nevertheless, the observed decrease in
maximum longevity, the higher instantaneous mortality rate,
and the younger population age seems to indicate that the Dardanelles population has a more rapid turnover and thus
behaves more like an r-strategist species than in the Calafuria
population (sensu Pianka 1970). In the context of climate
change scenarios, this may indicate that populations of this
species in the eastern Mediterranean Sea may have more
chances to face the ongoing increase in seawater temperature
and acidiﬁcation than their counterparts in the NW Mediterranean Sea, as r-strategists are generally more resilient to a rapidly
changing environment than K-strategists (Pianka 1970).

Conclusions
This is the ﬁrst investigation on the population dynamics of
a scleractinian coral across a depth gradient in the eastern Mediterranean Sea and represents the ﬁrst approximation to unravel
different stabilities between populations along this environmental gradient. This study showed that: (1) Population density
of B. europaea in the Dardanelles increased exponentially with
depth, possibly due to lower current and wave action, and
higher salinity under 12 m depth; (2) Age structures of
B. europaea in the Dardanelles differ among depths but there
are no clear differences or trends with depth for all derived
demographic parameters; and (3) Populations of B. europaea in
the Dardanelles are younger, more stable, and more oriented
toward an r-strategy than Italian populations, in spite of similar
temperature and latitudinal conditions.
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