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Octocorals  are  marine  modular  organisms  with  high  ecological  and  economic  importance.  Mediterranean
Red  Coral  (Corallium  rubrum),  is  endemic  to the Mediterranean  sea and  neighboring  Atlantic  rocky  shores
and  has  been  exploited  for jewelry  since  ancient  times.  Despite  the lack of photosynthetic  symbionts
(Symbiodinium  spp.),  red coral  growth  and survival  do depend  on sea  water  temperature,  as  well  as
on  trophic  conditions  and  other  physico-chemical  parameters.  We  developed  and  applied  a mechanis-
tic  numerical  model  to describe  the  growth  of a C.  rubrum  colony  (polyps  number,  polyp  and  gametes
ioenergetic model
orallium rubrum
rophic shading
nvironmental niche
iocalcification

biomass,  skeletal  inorganic  and organic  matter)  as  a  function  of food  availability  and  seawater  tempera-
ture.  The  model  follows  a bioenergetic  approach  and  is calibrated  vs available  experimental  observations.
Model  results  highlight  that  larger  colonies  are  more  sensitive  to high  temperature  and  actual  limits  of the
ecological  niche  also  depend  on  food  availability,  hydrodynamic  condition  and  coral  morphology.  Bioen-
ergetic considerations  also  support  the  conclusion  that,  though  a modular  organism,  red  coral  exhibits
constrained  growth,  because  of the  competition  for  available  food  between  polyps  from  the  same  colony.
. Introduction

Corals are marine invertebrates of the phylum Cnidaria, class
nthzoa which form compact colonies made of genetically iden-

ical individual polyps. Several species, mainly belonging to the
ubclass Hexacorallia, form hard calcium carbonate (CaCO3) skele-
ons which are the main constituents of the tropical coral reefs. The
keletons often present complex morphologies which give three
imensional complexity to the substratum and serve as a refuge for
everal species, increasing biodiversity and contributing to shape

arine seascapes (Lartaud et al., 2017). In the subclass of Octoco-

allia, a group of species belonging to the family of Corallidae (to
hich the majority of the so called precious corals belong) produce

∗ Corresponding author.
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ttp://dx.doi.org/10.1016/j.ecolmodel.2016.06.010
304-3800/© 2016 Elsevier B.V. All rights reserved.
©  2016  Elsevier  B.V.  All  rights  reserved.

hard CaCO3 skeletons which are used as raw material for jewelry
(Tsounis et al., 2010).

The Mediterranean red coral (Corallium rubrum) belongs to the
family of Corallidae and is endemic to the Mediterranean sea and
neighboring Atlantic rocky shores (Boavida et al., 2016; Zibrowius
et al., 1984). It is commonly found in hard substrate ecosystems
of prime ecological importance, such as the coralligenous assem-
blages (Ballesteros, 2006), on steep walls and overhangs, below
20 m deep and down to >800 m (Costantini et al., 2010; Rossi et al.,
2008). Due to its economical (it is harvested for jewelry), ecologi-
cal and cultural value, C. rubrum is considered a patrimonial species
(Bramanti et al., 2011; Price and Narchi, 2015).

Besides harvesting pressure, shallow C. rubrum populations

have been subject in recent years (1999, 2003, Garrabou et al.,
2001, 2009; Bramanti et al., 2005) to mass mortalities that occurred
jointly with high summer temperature anomalies. A cause and
effect relationship is advocated in which mortalities are triggered
by a combination of increased metabolic demands, due to high
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emperature, and effectively lower food ingestion, due to lower
rey concentration and extended inactive feeding mode, i.e. dor-
ant state (Rossi et al., 2006; Rossi and Tsounis, 2007; Coma

t al., 2009); pathogens may  also have been involved in mortality
utbreaks (Martin et al., 2002). In fact C. rubrum is a strictly het-
rotrophic species and is subject to seasonal feeding constraints,
ith autumn/winter being more favourable than spring/summer

Rossi and Tsounis, 2007). This alternation appears to be related
o the seasonal change in Mediterranean waters (Cebrian et al.,
996; Rossi and Gili, 2009), which is characterized by the develop-
ent of oligotrophic waters above the thermocline during summer,
hilst in winter the water column is mixed and nutrients are abun-
ant. Food availability will thus constrain the potential recovery of
amaged colonies of this and other heterotrophic organisms that
epend upon seston concentration and quality to store energy and
se it for their metabolic activities (Gori et al., 2013), including
issue repair. In fact Coma et al. (2009) reported that high nutri-
ional levels can delay the appearance of necrosis in the gorgonian
. clavata exposed to elevated temperatures. Like other calcify-
ng organisms, Red coral is also sensitive to acidification (decrease
f pH) which might impair skeleton deposition (Bramanti et al.,
013; Cerrano et al., 2013), or increase skeleton deposition costs,
r induce stress.

The interaction among different stressors is likely to be eco-
ogically relevant for C. rubrum, as already observed in other

editerranean anthozoans (Coma et al., 2009; Rodolfo-Metalpa
t al., 2010). Environmental variables influence metabolic pro-
esses that are linked to organism fitness, like growth and
eproduction. A bioenergetic modelling perspective can thus pro-
ide precious insight into the cause and effect mechanisms that
nderlie coral sensitivity to environmental variables, hence into
he mechanisms of action of climate change related pressures.

Here we develop and apply a mechanistic model to describe
. rubrum colony growth. The model describes the growth of the
verage polyp and colony accretion by polyp budding and skeleton
eposition, as a function of water temperature and food availabil-

ty. The model is tested against available data and observed growth
atterns, and the calibrated model is used to evaluate fundamental
roperties of C. rubrum potential niche with regard to food avail-
bility and temperature, as well as to quantify carbon fluxes of C.
ubrum populations.

The only other models applied to Mediterranean coral species
re (1) the matrix population model developed for C. rubrum by
antangelo et al. (2007, 2012) and Bramanti et al. (2009), which
xplores red coral demography and mass mortalities impacts on
opulations, (2) a metapopulation model developed by Guizen and
ramanti (2014) which takes into account the supply of larvae from
istant populations, and (3) the harvesting management models
Beverton & Holt model) in García-Rodríguez and Massó, (1986),
sounis et al. (2007). These models, although informative, assume
onstant colony growth rates and make no attempts to quantify
olyps and colonies growth as a function of environmental vari-
bles. Also considering other coral species, the few existing models
ainly focus on specific processes (and related scales). For instance

he ecophysiology of biocalcification has been addressed in Hohn
nd Merico (2012, 2015) and Nakamura et al. (2013) by modelling
he path of carbonate compounds from seawater to coral skele-
on; Anthony et al. (2002) used energetic reasoning to assess the
ifferential allocation of energy to soft tissue and skeleton across
oral growth forms; Merks et al. (2003) and Chindapol et al. (2013)
ooked into the influence of local hydrodynamic conditions on coral
orphogenesis. Habitat suitability models have also been devel-
ped on process-based grounds (Hoogenboom and Connolly, 2009)
s well as based on empirical or semi-empirical reasoning (Guan
t al., 2015; McCulloch et al., 2012). A review of all these appli-
ations however highlights how organism energetics remains to
ling 337 (2016) 137–148

date an understudied topic in coral ecology. In fact, to our knowl-
edge, the only attempt to model a whole colony, taking into account
energetics and food limitation, has been carried out by Kim and
Lasker (1998) to explore factors (trophic shading) that may  con-
strain growth in colonial organisms.

From a modelling perspective, our approach relies on the cou-
pling of a bioenergetic individual growth model, a type of model
already successfully applied to a variety of organisms, including
suspension feeders (Solidoro et al., 2000, 2003; Anthony et al.,
2002; Kim and Lasker, 1998), with a population dynamic model
and a colony resource acquisition model that accounts for com-
petition between polyps of the same colony. A similar approach
has already been applied for other (non-colonial) benthic suspen-
sion feeders (Solidoro et al., 2000, 2003) to model animal’s and
populations responses to different environmental conditions.

The final objective of the present paper is to simulate changes in
coral calcareous mass, biomass and polyps number over time and
to identify favourable and unfavorable environmental conditions
by using growth as an indicator. Moreover our model allows for
the interpretation of growth patterns such as skeleton accretion
rings formation and the properties of modular growth, in the light
of organism energetics.

2. Materials and methods

The soft tissue of a red coral colony (coenenchyme), which cov-
ers the axial skeleton, is composed of polyps (the fundamental
modular units that capture, ingest and digest food particles), and of
the mesoglea, an acellular collagen matrix. Polyps are potentially
autonomous units, but a network of gastrovascular channels runs
through the mesoglea and along the skeleton distributing resources
to the entire colony (Grillo et al., 1993). Calcareous spicules are
also embedded within the mesoglea. Both skeleton and spicules
are composed of Magnesium-rich calcite and organic matter (OM,
Grillo et al., 1993). The role of the organic portion of the skeleton
is unclear and various hypotheses have been formulated, rang-
ing from calcification control to passive incorporation (Allemand
et al., 2011). The axial skeleton cross section shows annual growth
rings composed of thin dark bands, alternated by thick pale bands,
corresponding to slow and fast growth respectively; according
to Marschal et al. (2004) thin bands, that are richer in OM,  are
deposited during autumn/winter, whilst thick bands (poor in OM)
are deposited during spring/summer; i.e. the most of the CaCO3 is
deposited during the period that is regarded as trophically unfa-
vorable.

The model is organized in two  levels/scales (Fig. 1); one accounts
for the growth of a single coral polyp, including organic tissues and
skeletal growth, the other accounts for colony accretion by polyp
budding. The state variables of the polyp growth sub-model are
the energy content (in kJ) of polyp (bP), gametes (bG), OM (sOM)
and CaCO3 (scarb), values are converted to mass when appropriate
(either g ash free dry matter, afdm, for organic tissues or g CaCO3).
The colony accretion sub-model state variable is the number of
polyps (NP).

2.1. Individual polyp growth model

The core structure of the polyp growth sub-model (Fig. 1)
builds on the approach proposed by von Bertalanffy (1938) which
described the relationship between growth and metabolism in a

living organism. Accordingly, the energy gained by food intake
(Ein) is used to support metabolic costs (basal metabolism, Rb,
and energetic costs related to skeletal deposition, Es), and to build
coral polyp biomass (bP, comprising polyp body, coenenchyme and
mesoglea), gametes (bG) and skeletal organic matter (sOM).
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Fig. 1. Polyp growth sub-model scheme. Ein is energy gain by food intake, EP , EG ,
E
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OM , and ES are the metabolic fluxes allocated to polyp body (bP ), gametes (bG),
keletal organic matter (sOM) and CaCO3 (scarb) respectively, Rb is basal metabolism.
ackgrowund picture from the richly illustrated Histoire Naturel by Henri de Lacaze-
uthiers.

The anabolic flux, i.e. energy inflow, is therefore defined as

in = Cmax · fc (F) ·  fact (T) · bn
P (1)

here Cmax is the maximum energy assimilation rate, n is an allo-
etric parameter which accounts for the fact that energy inflow is

roportional to polyp surface rather than weight, fact(T) describes
he influence of temperature, T, on polyps filtering activity (see Sec-
ion 2.1.1), and fC(F) describes the influence of food concentration

 in the filtered water (see Section 2.1.2).
As for metabolic processes, we defined as basal metabolism

he ensemble of processes supporting vital functions in the corals,
uch as basal respiration. By definition these processes cannot be
topped to divert energy to other functions. Following common
odelling practice and current ecophysiology theory we assume

hat Rb is a function of living biomass bP , and temperature, T. It can
e measured by oxygen consumption in “resting” conditions. We
ssume skeleton and gametes, once built, do not have maintenance
osts, and therefore do not contribute to Rb.

b = Rb,max · fr (T) ·  bm
P (2)

here Rb,max is the maximum respiration rate, m = 1, and fr(T)
escribes the influence of temperature on respiration (see Section
.1.1).

A formal theory of energy allocation to skeleton versus tis-
ue growth in calcifying organisms is currently lacking. However,
nthony et al. (2002) found that basal metabolic rates are the main
escriptors of energy investment into skeleton in two species of
eef corals. Furthermore, specific literature indicates that C. rubrum
keleton is deposited continuously throughout the lifespan of the
olony (Bramanti et al., 2014; Priori et al., 2013; Santangelo et al.,
007). Therefore we considered skeletal deposition as a fixed cost,
imilarly to basal metabolism. However, since skeletal deposition

hould be proportional to the colony surface, rather than to its
iomass, we assumed Es (the energy per polyp allocated to skele-
ogenesis) as a function of T and bP to the power of n = 2/3.

s = Es,max · fr (T) · bn
P (3)
ling 337 (2016) 137–148 139

where Es,max is the maximal energy flux per unit surface area. This
energy can then be converted to skeletal mass (scarb, calcite) by
using the calcification cost, e, proposed in Anthony et al., 2002:

dscarb

dt
= e · Es (4)

Skeleton dissolution is not possible within the model as Es is
always positive. As already remarked, the skeleton also includes an
organic fraction, which has to be formed with a different kinetic
(with respect to the inorganic one) in order to generate the yearly
accretion rings patterns found in C. rubrum (Marschal et al., 2004;
Priori et al., 2013). Marschal et al. (2004) found that OM rich bands
are produced during the cold season, when food is more abundant
(Rossi and Gili, 2005). After such evidence we inferred that in C.
rubrum, the acquisition of the building blocks for new OM synthesis
depends on compounds supplied with food; EOM , energy flux allo-
cated to OM synthesis, is then considered to be related to feeding
formulation:

EOM =  ̨ · Ein (5)

dsOM

dt
= ε ·  ̨ · Ein (6)

where � is an energy partitioning coefficient (fraction of Ein allo-
cated to OM formation) and e the energy to mass conversion
coefficient. Our approach for describing skeleton formation is in line
with the one proposed in a dynamic energy budget model (Fablet
et al., 2011; Pecquerie et al., 2012) for describing the energetic costs
related to deposition of calcareous otoliths in fish, there defined as
a weighted sum of anabolic and catabolic fluxes.

The difference between energy intake, Ein, and the energetic
costs, Rb, Es, EOM , defines the energy surplus (scope for growth,
sfg) which is partitioned between energetic costs related to the
synthesis of polyp tissues and gametogenesis, with a partition-
ing coefficient �. We  further assume that energy is invested in
reproduction only when a surplus is available (sfg≥0); In this case
EG = (1 − ˇ)sfg. In fact, Tsounis et al. (2006a) surveyed the yearly
cycle of gametes development in red coral and found that gametes
development was slow from September to December, coinciding
with the lowest seawater carbon concentrations (a proxy for avail-
able food, Rossi and Gili, 2005).

Conversely, if permanent catabolic costs exceed the anabolic
ones and sfg is negative (sfg < 0), then gametogenesis is stopped
(EG = 0) and permanent energetic costs are balanced by a reduction
in polyp biomass. Accordingly, energy partitioning is described by,

sfg = Ein − Rb − Es − EOM (7)

EP = min
(

sfg,  ̌ · sfg
)

(8)

EG = max
(

0,
(

1 − ˇ
)

sfg
)

(9)

while the biomass counterpart reads,

dbP

dt
= ε · min

(
sfg,  ̌ · sfg

)
(10)

dbG

dt
=  ε · max

(
0,

(
1 − ˇ

)
· sfg

)
(11)

Gametes cannot lose mass due to the absence of maintenance
costs (but see Tsounis et al., 2006a). However, once a year, in August,
gametes are released and bG resets to bG = 0 (Santangelo et al., 2003;
Tsounis et al., 2006a).

2.1.1. Influence of temperature

Temperature affects a great variety of biological processes. We

modelled the influence of temperature on polyps feeding activity,
fact(T),  based on quantifications of the fraction of open polyps in a
colony (assuming that open polyps are feeding). The curve param-
eters are derived by fitting data from Previati et al. (2010), which
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Table  1
Control functions parameter values and sources.

Control function Parameters Value Units Source

Food assimilation kF 0.0184 mgC cm−3 Estimated by the fitting procedure

Activity rate Tah 92014 K Fitting from Previati et al. (2010)
Ta 294.4 K

Respiration rate Tr 3170 K Fitting from Previati et al. (2010)
T1 293.15 K
Trl −57547 K
Tl 287.55 K
Trh 96549 K
Th 296.75 K
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Budding rate bss 1.68e-4 

bah 1.07e-5 

easured polyp activity rates in C. rubrum over the range 14–25 ◦C.
he function is a sigmoid shaped function ranging from 0 to 1. for
arameters description and values see Table 1.

act (T) = 1 + exp
(

Tah

Ta
− Ta

T

)
(12)

Respiration and CaCO3 deposition depend upon T according to
n unimodal, asymmetric curve. We  used the formulation proposed
n Heitzer et al. (1991) and the function has been fitted against the
ata on O2 consumption rates measured for red coral over the range
4–25 ◦C (Previati et al., 2010). O2 fluxes have been converted to
nergetic equivalents according to Gnaiger (1983). For parameters
escription and values see Table 1.

r (T) =
T
T1

· exp
(

Tr
T1

− Tr
T

)

1 + exp
(

Trl
Tl

− Trl
T

)
+ exp

(
Trh
Th

− Trh
T

) (13)

.1.2. Influence of trophic conditions
The actual energy intake depends on the quantity of food

n the water column. Following a common modelling practice,
ere we assume that specific energy inflow is the product of the
aximum amount of energy a polyp can process, Cmax, and a
onod-Michaelis-Menten function on the food concentration, F,

xperienced by the polyps:

c (F) = F

kF + F
(14)

here kF is the semi-saturation constant. Please note that F might
e different from bulk food concentration (see Section 2.4).

.2. Polyp population dynamics

Polyp number increases by budding (asexual reproduction) and
he evolution of the number of polyps in a colony over time can
e described with population dynamics theory. Since other studies
n C. rubrum (Santangelo et al., 2007, 2012; Bramanti et al., 2009;
uizen and Bramanti, 2014) also use population dynamics concepts
ut applied on colonies level, we clarify that here population refers
o the polyps in a single colony. The evolution of polyps number,
P , over time, is modelled as:

dNP

dt
= rmax · fgem (bP) · NP

x (15)

here rmax is the maximum net population growth rate (birth rate
 death rate) and x is an empirical coefficient, both derived from

tting the data (polyps at age) in Santangelo et al. (2007).

No density dependence of mortality has been considered
ecause it would have imposed growth constraints for the colony,
n instance that is usually rejected for colonial species (Sebens,
980). Instead we chose to explicitly model other factors (trophic
kJ Estimated by the fitting
procedurekJ

shading, Kim and Lasker, 1998; see Section 2.4) that may  contribute
constraining growth.

fgem [0:1] is a sigmoid shaped function of polyp mass, bP , that
describes the dependency of polyp budding rate from polyp size
(see Table 1), assuming that polyps can bud only when a minimal
size is attained (Sebens, 1980), it is defined as:

fgem (bP) = 1

1 + exp
(

bss
bah

− bP
bah

) (16)

2.3. Sub-models coupling

The integration of the polyps population dynamic model and the
individual polyp model allows upscaling from individual to colony
level. This integration would call for a development of an age class
model. However here we considered all the colony’s polyps equal
to an average individual and variables pertaining to the single polyp
are averaged over the colony. Despite this approach should be con-
sidered a first approximation, it is useful to describe the interaction
between a colony and its environment, also considering that polyps
are relatively small and apparently they reach an adult size within
the first years of life (Carlotta Benedetti, unpublished results), also
using colony’s shared resources.

The coupling of the polyp growth and polyp population dynam-
ics implies that the average gamete and polyp biomass, bP and bG ,
change as,

dbP

dt
= ∂bP

∂t
− bP

NP

∂NP

∂t
= ε · min

(
sfg, ˇsfg

)

− bP

NP
rmax · fgem (bP) ·  NP

x (17)

dbG

dt
= ∂bG

∂t
− bG

NP

∂NP

∂t
= ε · max

(
0,

(
1 − ˇ

)
· sfg

)

− bG

NP
rmax · fgem (bP) ·  NP

x (18)

Conversely, the skeleton related fluxes, Es and EOM , join a single
pool common to all polyps so that total calcite weight, Scarb, and
total OM weight, SOM , behave linearly with NP:

dScarb

dt
= e · NP · Es (19)
dSOM

dt
= ε · NP ·  ̨ · Ein (20)

The set of differential equations is solved at monthly time steps
with Runge-Kutta 4th order method. Whole colony weight (WCol) at
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Table  2
Model parameter values, conversion coefficients and relative sources.

Parameter Description Value Units Source

n scaling exponent 2/3 – –
m  scaling exponent 1 – –
�  bOM allocation coefficient 0.1482 – Estimated by the fitting procedure
ˇ  bP allocation coefficient 0.7606 – Estimated by the fitting procedure
v flow speeds [0.8:4] cm h−1 –
k1 shape coefficient 0.5191 cm2 cm−3 Estimated by the fitting procedure
Rb,max max. respiration rate 0.1107 kJ gAFDM

−1 month−1 Estimated by the fitting procedure
Es,max max. CaCO3 energy allocation rate 0.0982 kJ cm−2 month Estimated by the fitting procedure
Cmax max. assimilation rate 0.1408 kJ month−1 cm−2 Tsounis et al. (2006b), Picciano and Ferrier-Pagès (2007)
rmax max. gemmation rate 2.664 y−1 Fitted from Santangelo et al. (2007)
x allometric scaling exponent 0.563 – Fitted from Santangelo et al. (2007)
– conversion coefficient 45.7 kJ gC

−1 Brey (2001) and refs therein
–  molecular weight of O2 3.2e4 mg mol−1 –

kJ mo −1

kJ gAF

kJ gCa
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–  oxyenthalpic equivalent 473 

e biomass energy content 27.203 

e  CaCO3 metabolic cost 0.152 

ime t results from the sum of the various components once proper
onversion coefficients (see Table 2) have been applied:

Col(t) = Scarb(t) + SOM(t) + NP(t) · (bP(t) + bG(t)) (21)

.4. Trophic shading and polyps intra-colonial polyp competition

The actual food concentration experienced by a polyp might dif-
er from the bulk concentration, because of competition among
olyps of the same colony. In fact, in colonial organisms inner
olyps might process water that has been already partially filtered
y outer polyps (Kim and Lasker, 1998). This effect has been param-
terized as following. Let Q be the water flow through a colony and
b the bulk food concentration. Then the variation of the mass of
ood, M,  in a control volume V around a colony of surface area S is:

dM

dt
= Q · (Fb − F) − Cmax · fact (T) · fc (F) ·  S (22)

here F is food concentration in the control volume and the surface
 is dimensionally related to NP ·bP

2/3. Assuming that stationary
onditions are reached rather quickly, we can equate the right hand
ide of the equation to zero and solve for F, which gives:

2 + F · (kF − Fb + Cmax · fact(T) · S

Q
)  − kF · Fb = 0 (23)

hat admits just one positive solution:

 = − (kF − Fb + G) +
√

(kF − Fb + G)2 + 4kF Fb

2
(24)

here

 = Cmax · fact(T) · S

Q
(25)

s the ratio between maximal colony assimilation rate at a given
emperature and water flow per unit area.

This way, if the colony processing capability is much lower than
ater supply, G is small and F roughly equal to Fb, whereas in the

pposite case, F is greatly reduced.
Now let the control volume V be cubic so that the area of a face

s AS = V2/3, and let the flow be oriented normally to two faces so
hat,
 = v · AS = v · V
2⁄3 (26)

here v is flow speed. If we assume that a branching coral grows
ccording to a space filling pattern (Kruszyński et al., 2007) so that
lO2 Gnaiger (1983)
DM

−1 Brey (2001) and refs therein
CO3

−1 Anthony et al. (2002)

the colony surface area S per unit of control volume V is roughly
constant,

S

V
= k1 (27)

we can express G also as a function of water velocity and coral
surface area:

G = Cmax · fact T · S

Q
= Cmax · fact T · S

1⁄3

v · k
−2⁄3
1

(28)

2.5. Boundary conditions and initialization

The baseline simulation is forced with monthly average water
temperature, recorded by the meteorological station of l’Estartit,
Catalan coast, over the period 1973–1997, (Cebrian et al., 1996).
Among the sampled depths the 35 m record was used in most of
the simulations. Simulations are also forced with monthly aver-
age total Carbon, Ctot, measured at 20 m depth and right above
the benthic community, considered as a proxy for available food
(Medes islands, Catalan coast, 1997–1998, Rossi and Gili, 2005) and
converted to energy according to Brey (2001). Few data are avail-
able about near-bottom seston in the Mediterranean. Rossi and Gili
(2005) highlight how values can be substantially higher than in
open waters and detected a pronounced seasonality (that is typical
in open waters) only for chlorophyll records, supporting that the
20 m Ctot data we use to constrain the model may  be representa-
tive of carbon load also in deeper waters where C. rubrum is most
commonly found. This assumption however is not crucial for model
results as it will affect just the magnitude of seasonal variations in
metabolic rates, and not the general model behavior.

The initial value for bP and NP are set to 10−5 kJ and one polyp
respectively whilst Scarb, SOM and bG initial values are set to zero. The
simulation begins in August, when spawning usually takes place
(Tsounis et al., 2006a).

2.6. Model calibration

Model calibration is performed on datasets where the three vari-
ables polyps number, colony weight and age were measured in
red coral populations. The sets are from Santangelo et al. (2007)
(13 data points averaged from a larger sample of 1802 colonies,

polyps and age data, Fig 3a, blue dots) and Priori et al. (2013) (n = 69
colonies, polyps, dry weight and age data, Fig. 2a, b and Fig. 3a, b,
red dots).

The two  sets of accretion data reflect a number of red coral
growth features. Santangelo et al. (2007) data consist of a large sam-
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Fig. 2. Model results and fitting. (a) and (b): two views of the colony growth surface, model results (green surface) and experimental data (red dots, Priori et al., 2013). (c):
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otal  respiration, grey circles: model results, red squares: data from Previati et al., 2
overs  all the range tested in Previati et al., 2010. (d): Representation of skeletal ban
eight (SOM + Scarb). (For interpretation of the references to color in this figure legen

le from a single population and show a regular and exponential
rowth of the colony (via polyps budding) during at least the first
ecade of a colony’s life. On the other hand Priori et al. (2013) data
rom different populations cover a wider set of ages and display
o clear correlation between age and polyp number nor age and
eight: growth features seem to be highly dependent on life history

raits, possibly microclimatic conditions and/or partial mortality
vents. If the two sets are compared, it can be inferred that the initial
hase of exponential growth must cease as colonies grow bigger,
ossibly due to competition for food and/or space between polyps
f the same colony (Kim and Lasker, 1998) and/or with neighboring
rganisms, including conspecifics.

Given the variability of the calibration sets, no single growth
urve can satisfactorily approximate all the experimental data.
hus we assumed they represent the time trajectories of differ-
nt colonies that grew in different environmental conditions (also
onsidering microenvironment variability). The scope of parame-

erization was thus to fit the data against a set of model runs (that
enerate a growth surface in NP , WCol , time space), obtained by
hanging the flow speed v in Eq. (27), This is equivalent to setting
ower Fb values or decreasing polyps activity, or any other com-
ination of factors that change the number G. The hypothesis we
esults obtained by forcing the model with an artificial temperature time series that
as a stylized branch cross section, colorbar units are OM weight over total skeleton

 reader is referred to the web  version of this article.)

tested with this approach is that local trophic conditions alone are
capable of producing most of the observed variability in growth.

Model fitting is performed on eight selected uncertain param-
eters (�, ˇ, kF , Rb,max, Es,max , bss, bah, k1, see Tables 1 and 2) with
a Monte Carlo simulation. The algorithm minimizes of the sum of
squared distances between each experimental point in NP , WCol ,
time space and the generated growth surface. The distances are
computed on standardized data coordinates as units on NP , WCol

and time axes are different. Both simulated and experimental data
are standardized with mean and standard deviation of the experi-
mental set to maintain the ratio between the two  sets. Also The sum
of the Rb and Es terms is converted to oxygen consumption and con-
fronted with the respiration rates measured in Previati et al. (2010).
The sum of squared distance between measured and simulated
respiration is also minimized by the fitting procedure.
2.7. C. rubrum feeding intensity

To estimate the feeding intensity of an average red coral popula-
tion we  used data on age classes areal distribution from Santangelo
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ig. 3. Simulation results (multiple runs with varied v). Red dots: experimental data
b):  Colony weight (skeleton and organic tissues). (c): Average polyp weight. (d): Co
egend, the reader is referred to the web version of this article.)

t al. (2007) and the carbon intake rates per colony calculated by
he model for the same age classes.

.8. Niche estimation

The calibrated model is also used to estimate the fundamental
iche of red coral with respect to available food and tempera-
ure. We  use the variation of coenenchyme biomass (bP ·NP) over

 time period t − t0, DBcoen, as a proxy for organism-level fitness
Hoogenboom and Connolly, 2009; Maltby, 1999).

Bcoen = NP t · bP t − NP t0 · bP t0

NP t0 · bP t0
(29)

Bcoen is computed over a range of (constant) temperatures and
ulk food concentrations and for different colony sizes, defined by

nitializing the model with different bP(t0), NP(t0) pairs from a base-
ine simulation. DBcoen is computed over 10 years as we are looking
or long term effects. The resulting zero DBcoen isoclines are indica-
ive of fundamental niche borders in T, Fb space for the specified
ize class at a fixed flow speed. The model was  coded in MatLab
nd the code is available from the authors upon request.

. Results

.1. Fitting to experimental datasets

The model generates growth trajectories (a growth surface in
P , WCol , time space, Fig. 2a, b and Fig. 3a, b) that approximate
ost of the calibration data points just by varying flow speed (or

quivalently G). This result is in line with the conjecture, suggested
y calibration sets and expert’s opinions, that colony’s accretion
epends strongly on the local environment and points towards
ydrodynamic and trophic conditions as major factors affecting

olony growth.

Polyp population dynamics (Fig 3a) follow an initial phase of
xponential growth that closely matches Santangelo et al. (2007)
ata for high flow speeds. This exponential growth is dampened as
P increases, as it can be also inferred from the experimental data.
 Priori et al., 2013; blue dots: data from Santangelo et al., 2003. (a): Polyps number.
chyme biomass (= NP bP ). (For interpretation of the references to color in this figure

This trend is due to decreasing bP with age, negatively affecting the
fgem function that controls budding rate.

Whole colony mass is mostly composed of CaCO3. New skele-
ton is produced throughout the lifetime, the simulated growth
curves (Fig. 3b) are initially exponential but approach linearity as
bP decreases with age.

The simulated respiration rates (Fig. 2c) also display good agree-
ment with Previati et al. (2010) data.

3.2. Features of live tissue growth

The simulated live tissue (bP) shows a marked seasonal cycle
(Fig. 3c, d): positive growth lasts approximately from January to
June, when energy gain exceeds losses, and is followed by a nega-
tive growth phase from approximately July to December. This effect
depends strongly on temperature regimes affecting both the gain
and loss terms and on seasonality of food supply. In fact the biomass
seasonal cycle is more marked when the model is forced with tem-
perature records from relatively shallow (up to 35 m)  waters, that
are characterized by wide temperature variations; Biomass oscilla-
tions are instead dampened if the less variable deep waters records
(50–80 m)  are used to force temperature (not shown). The same
seasonality is present also in skeletal organic matter, SOM (Fig 2d),
and gametes, bG , dynamics.

The single polyp (Fig. 3c) and gametes (not shown) simulated
growth trajectories are characterized by a maximum within the
first decade of life, followed by an exponential decay with a hor-
izontal asymptote reached after about 20–30 years. The position
of the maximum varies depending on external conditions (feeding,
temperature). Two  major processes contribute to this pattern. One
concerns the trophic shading effects that limit food intake per polyp
for high polyp number, resulting in decreasing EP and EG after the
maximum; the other concerns fgem limiting polyp budding at low

Ep, thus slowing down biomass decrease.

Coenenchyme and gamete biomass per colony (= NP ·bP and
NP ·bG respectively, Fig 3d, gamete dynamics not shown) are char-
acterized by determinate growth. Decreasing growth rates with
colony size are mostly due to polyps population dynamics via fgem
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Fig. 4. Suitability diagrams computed as coenenchyme biomass change (DBcoen) over 10 y simulation. DBcoen values are plotted against different temperatures and bulk
food  concentrations, at fixed flow speed (v  = 3.03 cm h−1) and for different colony sizes. (a): small colony: 11 polyps, 0.1e-4 gafdm/polyp, (b): medium colony: 70 polyps,
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.2e-4  gafdm/polyp, (c): large colony: 847 polyps, 0.05e-4 gafdm/polyp). The zero isocl
re  merely indicative of trends as their position depends on simulation time. (For i
eb  version of this article.)

hat limits new polyps production at low bp and is thus closely tied
o the bP evolution.

.3. Features of skeleton growth

CaCO3 seasonal deposition (Fig. 2d) follows a reverse pattern
ith respect to organic tissues, including SOM . Most of the skele-

on is deposited during the warmer period, when the Es term is
aximum due to high temperatures. And whilst live tissue growth

lows down as a result of the balance between energetic intake and
osses, new skeleton is produced throughout the lifetime.

The model simulates the differential incorporation of CaCO3
nd organic matter in the coral skeleton described in Marschal
t al. (2004). During cold months environmental conditions are
avourable for tissue growth, hence much organic matter is
eposited whilst CaCO3 flux is low due to low respiration rates;
ince organic matter flux is larger than CaCO3 flux, this results in the
eposition of low quantity of material (thin band), relatively rich in
rganic matter. On the contrary during warm months trophic con-
itions are poor and a low quantity of organic matter is produced
hilst CaCO3 flux is high due to high respiration rates, resulting

n the deposition of a thick band that is poor in organic matter.
he average proportion of SOM to Scarb in the skeleton is however
nderestimated with respect to the values reported in Allemand
nd Bénazet-Tambutté (1996) (0.012–0.017 on weight basis).

.4. Niche estimation

As far as fundamental niche estimation is concerned (Fig. 4) our
odel predicts that smaller colonies have potential for positive

rowth over a wider region in Fb-T space than large colonies do,
specially at low food concentrations. This means a large colony
s more demanding in terms of seawater food concentration to
ustain its size when temperatures are high, whilst small colonies
an thrive over a broader range of conditions. In Fig. 4 the zero
socline (DBcoen = 0) is indicative of the niche borders for different
ize classes and, unlike the rest of the isoclines, its position is not
ffected by the time window over which DBcoen is computed.

.5. Feeding intensity
The estimated feeding intensity of a typical red coral shallow
opulation composed mainly of relatively young colonies, such as
he one sampled in Santangelo et al. (2007) is of 0.17 mgC m−2 d−1

hich is within the range estimated in Tsounis et al. (2006b)
0.15–1.5 mgC m−2 d−1).
n red) represent the distribution limits for the specified colony size. Other isoclines
etation of the references to color in this figure legend, the reader is referred to the

4. Discussion

In the present work we  developed a colony growth model to
better understand the influence of temperature, food concentration
and hydrodynamic regime on the growth of C. rubrum colonies and
to investigate the challenges that this and other related organisms
may  face in front of climate change. This model may  also serve to
exemplify how heterotrophic colonial organisms may  be modelled
in a bioenergetic framework. Among bioenergetic modelling frame-
works our model may  fall in the list of those sometimes referred to
as Scope for Growth (Ursin, 1967). This class of models is character-
ized by lower complexity as opposed to the more detailed approach
of Dynamic Energy Budget theory (DEB, Kooijman, 2010). DEB the-
ory enjoys considerable regard and has been intensively explored
in recent years; it is characterized by a fine level of detail (e.g.
storage and delayed use of energy, maturity maintenance costs,
costs related to the growth process), but also larger sets of data
are needed for reliable parameterization. In our case the pecu-
liarities of the test species (clonality, biocalcification) represent
additional complexity whilst on the other hand data availability
constraints call for a compromise between realism and tractabil-
ity. Our model represents an intermediate complexity solution that
offers the advantage of being easier to parameterize with the avail-
able data, while also performing possibly equally well as a DEB
model (Filgueira et al., 2011).

We produced simulations that match measured growth pat-
terns as well as multiple observed features of C. rubrum colony
growth and of its interactions with the environment. Furthermore
the model allows for the interpretation of those features in the light
of organism energetics. The originality of the approach lies in the
choice of modelling C. rubrum as a colony of individuals, where
single polyp and colony dynamics influence each other and the
outcomes emerge from the interaction of the two.

4.1. C. rubrum niche

By using growth potential as a proxy for organism fitness, we
derived an estimation of C. rubrum requirements, in terms of aver-
age water temperature and food concentration, to sustain positive
growth, i.e. its fundamental niche in temperature-food space.

We found the limits of C. rubrum distribution (as identified by

the zero-growth isoclines in Fig. 4) to be dependent on colony size:
large colonies are more demanding than small ones with regard to
temperature and food availability. These findings may  help explain
the observations made by Garrabou et al. (2001) that medium and
large-sized colonies of C. rubrum from shallow waters suffered
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igher mortality incidence than small ones during a mass mortal-
ty event that occurred jointly with a positive temperature anomaly
nd summery food shortage.

Our results also have implications regarding the size dis-
ribution of C. rubrum colonies: as noted by many, shallow
opulations are usually composed of dense patches of small

ndividuals while larger colonies are found at higher depths
t lower densities (Santangelo and Bramanti, 2010; Garrabou
t al., 2001; 400–600 colonies/m2 and Tsounis et al., 2006a;
50–250 colonies/m2 in shallow waters, compared to Priori et al.,
013 and Rossi et al., 2008; 10–50 colonies/m2 in deep waters);
his appears to be primarily a consequence of overharvesting of the
hallow, easily accessible populations that selectively removes the
arge specimens (Cau et al., 2016; Santangelo and Bramanti, 2010;
sounis et al., 2007). Our findings indicate that large colonies are
lso more likely to undergo negative growth in shallow waters,
here they experience both high temperatures and food shortage

t the same time during late summer, and are thus less likely to
e found near the upper distribution limits of C. rubrum. In deeper
aters larger colonies may  have less constraints due to both quite

table temperature (12–17 ◦C, Fiorillo et al., 2013) and food input
Gori et al., 2012). A similar size gradient with small individu-
ls dominating the upper distribution limit has been reported by
ebens (2002) concerning the distribution of sea anemones in rela-
ion to environmental parameters. If this temperature effect on size
istribution is superimposed on the harvesting effect, the occur-
ence of large colonies could be further limited to deeper waters as
ean sea temperatures increase. Increasing trend of harmful heat
aves events would also increase this risk.

In contrast, Hoogenboom and Connolly (2009) found that the
iche size of reef corals in flow-light space, as calculated with a
rocess-based model, was positively related to colony size. The
oogenboom and Connolly (2009) model uses daily integrated
nergy acquisition (photosynthesis) as a proxy for fitness, but since
rganism energy budget is not computed, it is not possible to assess
f such a rate is enough to sustain positive growth across differ-
nt colony sizes; also size dependence of photosynthesis rate is
alculated solely according to mass exchange kinetics from fluid
echanics theory, thus neglecting possible trophic shading effects,
hich the authors acknowledge.

.2. Seasonality, trophic shading and constraints to growth

The simulated live tissue biomass displays seasonal cycles of
ositive and negative growth which are strongly dependent on
emperature regimes and are thus more marked when the model
s forced with shallow waters thermal records. Similarly Rossi and
sounis (2007) and Tsounis et al. (2006b) uncovered a seasonality
n energy storage molecules concentrations (proteins, carbohy-
rates, lipids) and gametes development in shallow (16–18 m)
ed coral colonies, whilst in deeper populations (45 m)  season-
lity was detectable only for protein concentration and gametes
evelopment. The same seasonal pattern is also typical of other
editerranean benthic invertebrates, both colonial (Coma et al.,

998; Coppari et al., 2016; Gori et al., 2012) and non-colonial
Coppari et al., 2014) and appears to be related to NW Mediter-
anean climate seasonality. In fact, so far as near bottom seston
easonality is considered, it has been demonstrated that suspen-
ion feeders from NW Mediterranean store in spring the energy
hey need for the rest of the year (Coppari et al., 2014, 2016). This

easonal pattern may  thus affect also other organisms that depend
n the seasonal seston fluctuations (Rossi and Gili, 2005).

According to our simulations, the whole colony live tissue
iomass (Fig. 3d) has a determinate growth, i.e. there exists an
pper limit to colony size. The point is not trivial, in fact it is gen-
ling 337 (2016) 137–148 145

erally assumed that colony resource acquisition is simply a linear
function of the number of modules, colonies would thus be free
from the constraints that limit the size of the single modules and
could grow indefinitely, by simply adding new modules (Sebens,
1987). It is presently unclear whether colonial organisms have a
determinate or indeterminate growth, but data on C. rubrum size
and age classes distribution (Priori et al., 2013) show that, at least
in C. rubrum,  growth slows down in older (and bigger) colonies.

In our model colony size limits, instead of being imposed with
allometric constraints (as in Kim and Lasker, 1998), emerge as a
consequence of trophic shading, i.e. the competition for a limited
resource (food) between the polyps of the same colony. This is
in line with the argument found in Kim and Lasker (1998) that
density dependent effects on resource capture rates, analogous to
self-shading in trees, may  effectively limit maximal size in modular
species that would otherwise exhibit indeterminate (exponential)
growth. We  also found that this result is not generally extendable to
any colonial organism as the assumption in Eq. (27) does not apply
to every growth shape (e.g. it does not apply for a sphere), and
will result in uptake rates that scale linearly with modules num-
ber, hence in unconstrained growth, for massive growth forms. Our
implementation provides thus a theoretical background for a con-
jecture (the existence and relevance of trophic shading phenomena
and their implications for growth determinacy or indeterminacy in
colonial and modular organisms) that to date rests on anecdotal
evidence and speculative arguments.

The model predicts the average polyp biomass to decrease with
age once a maximal value is reached early in life as a result of
competition between polyps. In support of our findings an inverse
relationship between the two  quantities have been described by
Porter (1976) for Caribbean corals; Kim and Lasker (1998) proposed
that such negative correlation can result from the additive effects
of module size and colony size on self-shading and thus the ability
of a colony to capture resources.

4.3. Skeletal growth

Despite current research increasingly shedding light on the pro-
cesses involved in biomineralization, the present understanding of
the mechanisms of integration between major metabolic processes
and coral skeleton formation remains weak (Allemand et al., 2011).
In the present work we addressed this issue by relating skeleton
formation to coral energy budget with the fraction of metabolism
devoted to calcite deposition and the (proposed) energetic cost
required per unit of CaCO3 deposited. This modelling choice has
been proven effective in reproducing observed patterns. At the
same time it remains parsimonious with respect to assumptions
and parameters requirements, relatively to the finer-scale mod-
elling approaches to biocalcification found in Hohn and Merico
(2012, 2015) and Nakamura et al. (2013). Our  approach aims at
modelling the growth of calcified structures at whole organism
level and can be considered as a simplification of such models.

Skeletal growth modelling choices are similar to those in Fablet
et al. (2011) and Pecquerie et al. (2012). In such works, and in
the present work as well, the temperature dependences affecting
skeletal deposition are those affecting the relevant physiologi-
cal rates and temperature effects on CaCO3 precipitation kinetics
are neglected. The question whether inorganic deposition kinetics
that are observed in seawater are also valid in the gel-like extra-
cellular calcifying medium is currently debated (Allemand et al.,

2011). However, the observation that the most abundant deposi-
tion of CaCO3 (the thick bands in the skeleton) occurs during the
warmest months, is easily linked to inorganic CaCO3 precipitation
being favoured at higher temperatures (e.g. McCulloch et al., 2012).
Our study suggests a complementary mechanism for the observed
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easonality in CaCO3 deposition. Also the underestimation of the
roportion of OM to CaCO3 in the skeleton, which depends on the
arameterization of Es and EOM , may  suggest that the mechanism
f OM incorporation is not entirely passive, as implemented here,
n fact many studies (see Tambutté et al., 2007 for a review) suggest
hat OM plays a structural role in skeleton formation, so that the
wo fractions could obey some kind of stoichiometric law.

Whilst live tissue growth slows down with age, our results point
t indeterminate skeletal growth, seemingly leading to the unre-
listic condition of the coenosarc becoming progressively thinner
ver a colony’s life. This could have been addressed by decreasing
he energy allocation to skeleton in function of colony size, this
olution however seemed too much of an artefact. Indeed constant
asal diameter growth rates have been observed in C. rubrum by
antangelo et al. (2007), Priori et al. (2013), Bramanti et al. (2014)
ver wide sets of ages, and Bramanti et al. (2014) found the surface
rea increment in C. rubrum skeleton cross sections to be well fitted
y a linear equation, indicating constant increment along colony life
pan. Other explanations are possible: (1) The coenosarc thinning,
espite occurring, is negligible over a colony’s lifespan. (2) Addi-
ional cortex mineralization compensates for coenosarc thinning;
n fact Weinbauer et al. (2000) reported levels of cortex mineral-
zation as high as 76 ± 6% on weight basis for red coral.

Our model agrees with observations by Marschal et al. (2004) in
lacing maximal CaCO3 deposition during the warm months, when
iomass, on the contrary, displays negative growth. The same sea-
onal pattern has been described by Rodolfo-Metalpa et al. (2010) in
he Mediterranean hexacoral Cladocora Caespitosa.  Although seem-
ngly paradoxical, weak coupling between growth of tissue and
alcified structures is known to occur in bivalves (Hilbish, 1986),
sh otoliths (Neat et al., 2008) and has been reported for scler-
ctinian corals by Anthony et al. (2002) who measured positive
keletal growth rates even in experimental treatments where tissue
rowth was negative.

Even though CaCO3 deposition is regarded as a process of low
nergetic cost (Anthony et al., 2002; McCulloch et al., 2012; Palmer,
992), it clearly entails some metabolic cost for the coral. We  sug-
est that skeletogenesis is sustained during energy shortage by the
eserves accumulated during the previous favourable period.

. Conclusions

In this work we presented and tested a bioenergetic approach
or modelling the growth of the Mediterranean octocoral C. rubrum
nd its relation with temperature, nutrition and hydrodynamics.
e also show how such kind of model can be useful in providing

nsight into a species ecology. According to our results environ-
ental niche breadth for C. rubrum is (also) a function of colony

ize, thus the largest specimen are predicted to be more sensitive
o warming. We also provide a formalization for trophic shading
rocesses and conclude that, depending on colony morphology,
he competition among modules may  effectively impose limits to
rowth in colonial animals. Moreover some of the issues addressed
y our model, such as clonality, biocalcification and trophic shad-

ng, are seldom explored in bioenergetic modelling practice; this
ork may  thus serve as a basis for developing models for related

pecies.
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