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Abstract The benthopelagic fauna distributed in and
around the Santa Maria di Leuca (SML) cold-water coral
(CWC) province (Northern Ionian Sea—Central Mediter-
ranean Sea) was analyzed through the development of a
mass-balanced ecosystem model. A total of nine balanced
simulations were provided taking into account the biomass
data collected during several experimental bottom trawl
surveys carried out from 2005 to 2010 in a depth range
between 101 and 541 m. A total of 100 species were
included in the analysis corresponding to 15 cephalopods,
25 crustaceans, 7 chondrichthyes and 54 osteichthyes.
Simulations were developed maintaining the species-level
detail. The total system throughput estimated in the SML
CWC province trophic web resulted mainly due to con-
sumption and about 80% of it was maintained by species
with trophic level between 2 and 4. Results highlighted
important features in terms of the structure and functioning
of the system, such as the high level of activity maintained
by intermediate trophic levels and the important role of
top-down control in the faunal assemblage due to both
vertebrate and invertebrate species.

Keywords Ecopath - Mass-balance model -
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1 Introduction

The Santa Maria di Leuca (SML) cold-water coral (CWC)
province in the Northern Ionian Sea is the widest and
deepest known deep-sea coral community in the Mediter-
ranean (Freiwald et al. 2009; Savini et al. 2014) and also
the most investigated using a multidisciplinary approach
(Corselli 2010). It is well reckoned as a biodiversity hot
spot of the Mediterranean Sea bathyal grounds (Tursi et al.
2004; Mastrototaro et al. 2010; D’Onghia et al.
2011, 2012). The diversity of the SML CWC habitat is
considered to be due to the local bathymetric features
(Savini et al. 2014) and fostered by the trophic system and
hydrographic factors acting in the Northern Ionian Sea
(Budillon et al. 2010). In addition, the SML CWC province
could be considered an almost un-disturbed area because
trawling does not occur being formally illegal (GFCM-
RAC/SPA 2007). However, local fishermen aiming the
catch of large specimens generally adopt the “fishing the
line” strategy trying to avoid gear damage and losses (In-
dennidate et al. 2010; D’Onghia et al. 2016).

As a matter of fact, the Mediterranean region has been
inhabited for millennia and ecosystems were altered in
many ways (Bianchi and Morri 2000; Viettia et al. 2010).
In particular, fishing activities were proposed as the first
major human disturbance in coastal areas (Jackson et al.
2001). This makes the SML CWC province an ad-hoc area
to study a less exploited demersal community in the
Mediterranean basin. Recently, the SML CWC province
was mostly investigated during the Apulian PLAteau Bank
Ecosystem Study (APLABES) project (Corselli 2010),
funded for the FIRB programs by the Italian Ministry of
Universities and Research (MIUR) and during the
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CoralFISH project funded by EU 7FP (www. eu-fp7-co-
ralfish.net) (Capezzuto et al. 2012; D’Onghia et al. 2012).

Studies on the demersal resources were carried out since
1985 in the North-western Ionian Sea as part of national and
international bottom trawl surveys (Relini et al. 2000; Ber-
trand et al. 2000, 2002) providing a large amount of infor-
mation on benthic fauna and benthopelagic fish, crustaceans
and cephalopods. In addition, specific studies were carried
out inside or outside the SML coral province (e.g., Matarrese
et al. 1996; D’Onghia et al. 1998, 2003, 2010; Capezzuto
et al. 2010, 2012; Maiorano et al. 2010). However, a com-
prehensive description of the structure and functioning of
this ecosystem is still lacking.

In the present study, we applied a steady-state mass-
balanced model for the representation of the food web
connecting the benthopelagic mobile fauna (cephalopods,
crustaceans and fishes) distributed in and around the Santa
Maria di Leuca cold-water coral province. The main
objectives are those of evaluating the structure and func-
tioning of the investigated fauna assemblage in terms of
trophic flows, analyzing the ecological role of different
species and investigating the consequences of the protec-
tion from fishing offered by corals.

2 Materials and methods
2.1 Study area and surveys

The cold-water coral province is located about 25-45 km
far the coast of Cape Santa Maria di Leuca (Fig. 1). This
coral province extends over a broad area between 300 and
1100 m in depth and is formed by clustered and isolated
coral mounds 50-300 m in diameter and up to 25 m in
height (Taviani et al. 2005; Savini and Corselli 2010;
Savini et al. 2014). Coral frameworks are mainly built by
the colonial scleractinians Madrepora oculata and Lophe-
lia pertusa.

Data were collected during bottom trawl nets (GRUND
2005, 2006, 2008; MEDITS 2005-2010) over muddy bot-
toms as close as possible to this coral province and were
arranged in a set of 9 simulations as reported in Table 1.

A total of 100 species were included in the analysis to
describe the ecological model of the SML demersal (ben-
thopelagic fauna) assemblages distributed between 101 and
541 m of depth. In particular, the list of 15 cephalopods, 25
crustaceans, 7 chondrichthyes and 54 osteichthyes was
provided as supplementary material (Table S1).

2.2 Modeling approach

The characterization of an ecosystem in terms of struc-
ture and functioning is based on the knowledge of the

@ Springer

quantity and intensity of flows acting within the system
(Vassallo et al. 2006, 2013). Flows estimation is possible
through the development and calibration of a trophic
web simulation here performed with Ecopath 5.0 soft-
ware (Christensen et al. 2005). The software uses a set
of linear equations in order to balance the flows (in and
out) of each component or functional group (in this
study the species) (Christensen 2003). For a basic
parameterization, the simulation’s routine uses a system
of linear equations, which can be expressed for an
arbitrary time period by:

B (g) = > B (%)jDC,»,- +E; +BA; +B; (g) i(l — EE))
(1)

Consumption = Production + Unassimilated food
+ Respiration (2)

In Eq. (1), B is the biomass, P/B indicates the produc-
tion of (i) per unit of biomass and it is equivalent to total
mortality under steady-state conditions (Allen 1971), Q/
B is the consumption of (i) per unit of biomass, DC;
indicates the proportion of prey (i) that is in the diet of
predator (j) in terms of weight units, E is the net migration
of the system, BA is the biomass accumulation in the
ecosystem and EE is the ecotrophic efficiency of the group
within the system, or the proportion of the production of
(i) that is exported out of the ecosystem or consumed by
predators within it. Under the assumption of mass balance,
EE cannot be >1. Equation (2) ensures the energy balance
of each group in the system.

Biomass data (wet weight) were collected during
experimental surveys carried out in the area, while P/B and
(/B ratios were obtained from the relevant literature (see
supplementary material—Table S1). The diet matrix is a
key factor for a realistic simulation, but the quantitative
assessment of prey/predation relationships is often difficult
(Paoli et al. 2016). In this study, the diet matrix was
obtained according to MATBLD method (Ulanowicz and
Scharler 2008). The method is based on the recognition of
predation path by means of an adjacency matrix, while the
diet fluxes are assigned according to the joint proportion of
predator demand and prey availability. Adjacency matrix
(see supplementary on-line material) was compiled through
the analysis of relevant literature (see supplementary
material—Table S1). The MATBLD routine does not
necessarily balance the network, and the software routine
gives an error message if the simulation output is not
realistic. In particular, it checks if the ecotrophic efficiency
is <1.0 for all compartments. If inconsistencies (EE > 1)
were detected, the system was brought into balance by
some automated schemes, such as linear donor control
(Allesina and Bondavalli 2003). Even though modifications
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in the diet matrix were necessary, the number (and obvi-
ously the position) of fluxes remained unchanged.

It has been demonstrated that networks balanced using
MATBLD do not differ from networks developed with
different methods (i.e., bibliographic data) to any statisti-
cally significant degree (Ulanowicz and Scharler 2008).

Steady state was assumed for the Ecopath models
parameterization, with BA and E set to zero. For the spe-
cies that are known performing in and out migrations from
the model area, we defined a fraction of their diets as
import for the model and conversely a part of their detritus
direct to the export (Tecchio et al. 2013).

Finally, a detritus group and an “other species” group
were also considered representing the availability of
organic matter and of small, non-sampled species on the
sea bottom. Both these supplementary functional groups
were quantified from previous study carried out in the
eastern Atlantic and Mediterranean Sea (e.g., Sanchez and
Olaso 2004; Coll et al. 2006, 2007; Tecchio et al. 2013).

2.3 Model output

Ecological indices were used to analyze structure and
functioning of the SML benthopelagic mobile fauna based

@ Springer
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on trophic flows analysis, thermodynamic concepts, infor-
mation theory and trophodynamic indicators (Christensen
and Walters 2004).

Total trophic flows within the community in terms of
consumption, production, respiration, exports and imports
and flow to detritus were quantified (t wet weight km™>
year '). The sum of all these flows is the total system
throughput (TST) that was calculated as the measure of the
activity or size of the system functioning (Finn 1976).

The trophic level (TL) of each species was calculated
following Odum and Heald (1975). It is conventionally
ascribed a TL of 1 to primary producers and detritus, and
other TLs are accordingly calculated as:

TL; =1+ » DC; x TL; (3)
i=1

where j is the predator of prey i, DCj; is the fraction of prey

i in the diet of predator j and TL,; is the trophic level of prey

i.

Network simulations allowed ascribing total system
activity, calculated as the sum of consumption, respira-
tion, excretion and natural mortality, to different species
and in turn to their respective TLs aiming at the assess-
ment of the relative importance of each trophic level in
the system. The mixed trophic impact (MTI) allowed the
quantification of direct and indirect trophic interactions
among species (Leontief 1951; Ulanowicz and Puccia
1990). This analysis provides a quantification of the
positive or negative impact that a hypothetical increase in
the biomass of a species would produce on the others in
the community. Moreover, the MTI was used to calculate
the total mixed trophic impact (TMTI) that one species
would have on the others by adding all its impacts
weighted by the inverse of the biomass of the impacted
groups, as proposed by Pranovi et al. (2003) and Libralato
et al. (2004). This evidences the total effect that a unit
change in the biomass of one species has on the predicted
biomasses of the other species.

The identification of keystone species derived from the
MTT analysis was also carried out according to the method
proposed in Libralato et al. (2006). In particular, the key-
stone species are those that show relatively low biomass
but have high impact on the other species in the ecosystem
(Power et al. 1996). The keystoneness of each species may
be represented plotting the relative overall effect (¢;), cal-
culated from the MTI (), against the keystoneness (KS,).
The overall effect (g;) is described as:

o= [3om @

where m;; is calculated from the MTI analysis as the pro-
duct of all net impacts for all the possible pathways in the
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food web linking prey i and predators j. The keystoneness
(KS,) of a species is calculated as:

KS; = log [s (1 - g;)} (5)

where B; is the biomass of the species i and By, the total
biomass of the food web. This index is high when species
show both low biomass and high overall effects (Margaleff
1968; Odum 1969; Pauly and Christensen 1995) and the
keystone species are those that have KS value greater than
zero (Libralato et al. 2006).

3 Results

The main statistics describing the output of the ecological
models estimated in each simulation were reported in
Table 2. In addition, the network flows and information
indices were reported in Table 3.

Number of species ranged from 74 to 93 and total biomass
showed huge variations throughout simulations, ranging
from 649.18 to 3204.06 t km 2. In particular, the total bio-
mass indices resulted mainly due to the contribution of
osteichthyes (69.42 & 11.86%), followed by cephalopods
(11.45 + 6.29%), crustaceans (10.74 4 4.92%) and chon-
drichthyes (8.39 4+ 5.33%), as shown in Fig. 2.

Throughout simulations, the mean trophic levels showed
narrow variations with an average value of 3.94 &+ 0.15,
while the maximum trophic levels ranged from 3.73 to 4.18
(Table 2). The highest trophic levels corresponded to the
presence of larger fish species such as the blackmouth cat-
shark Galeus melastomus (TL = 3.96), the anglerfish
Lophius piscatorius (TL = 3.78), the hake Merluccius mer-
luccius (TL = 3.47) and the European conger Conger conger
(TL = 3.45), which were considered as opportunistic preda-
tors. Remarkable high trophic levels were also detected in
cephalopods and crustaceans mainly referred to the bobtail
squid Rossia macrosoma (TL = 3.66), the broadtail shortfin
squid Illex coindetii (TL = 3.35) and the golden shrimp
Plesionika martia (TL = 3.35).

The estimated total system throughput reached
47,969.91 t km ™ year™' and was mainly dominated by the
total consumption (50 & 1%), followed by the total respiratory
flows (28 & 2%) and the total flows into the detritus
(13 £ 2%) (Table 3).

TST resulted strongly correlated with biomass (+* =
0.99; n = 14; p < 0.01) and TST/biomass ratio resulted
quite stable with an average value of 13.43 £ 2.47.

Simulations indicated as the total system throughput
estimated for the SML community was generally main-

tained by species with trophic levels up to 4
(1 <TL <2 =1254 £ 1.50% of the TST;
2 <TL <3 =40.10 + 1.20% of the TST;
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Table 2 Main statistics describing the output of the ecological models estimated in each simulation

Survey Simulation No of Total biomass TL max TL mean Sum of all production

networks species t km ™2 t km =2 year™!
GRUND Gl 80.00 877.60 4.03 3.10 1475.00

G2 81.00 1185.11 3.73 3.14 2010.00

G3 93.00 676.23 3.73 3.11 1037.00
MEDITS M1 87.00 749.63 3.94 3.15 1587.00

M2 85.00 850.06 3.97 3.16 1541.00

M3 74.00 649.18 3.88 3.09 1404.00

M4 92.00 893.95 3.96 2.96 1481.00

M5 88.00 3204.06 4.18 3.19 7248.00

M6 92.00 704.39 4.04 3.07 1346.00

Min 74.00 649.18 3.73 2.96 1037.00

Max 93.00 3204.06 4.18 3.19 7248.00

Mean 85.78 1087.80 3.94 3.11 2125.44

Std 6.44 810.05 0.15 0.07 1937.67

Table 3 Ecological indicators related to the network flows

Survey Simulation  Total consumption Total exports Total respiratory flows  Total flows into detritus ~ TST
network - -1 -2 -1 — -1 — -1 - -1
t km™~ year Yo t km™~ year %o t km™" year %o t km™° year %o t km™" year
GRUND Gl 5525.27 0.49 1284.49 0.11 2985.76 027  1461.17 0.13 11,256.70
G2 7927.28 0.50 1566.64 0.10 4415.01 0.28 1891.86 0.12 15,800.79
G3 4459.93 0.50  895.39 0.10 2608.05 0.29  1003.07 0.11 8966.43
MEDITS M1 6177.24 0.49 1471.90 0.12 3470.98 0.27  1600.20 0.13 12,720.32
M2 5746.37 0.49 1158.36 0.10 3107.18 0.27  1632.38 0.14 11,644.28
M3 6205.87 0.51  940.18 0.08 3754.18 031  1364.04 0.11 12,264.27
M4 5992.11 047 1544.58 0.12 3333.47 026  2001.69 0.16 12,871.85
M5 24,846.74 0.52  5076.09 0.11  12,790.86 027  5256.22 0.11 47,969.91
M6 5121.56 049 1134.15 0.11 2838.48 0.27  1297.89 0.12 10,392.09
Min 4459.93 047  895.39 0.08 2608.05 0.26  1003.07 0.11 8966.43
Max 24,846.74 0.52  5076.09 0.12  12,790.86 031 5256.22 0.16  47,969.91
Mean 8000.26 0.50 1674.64 0.11 4367.11 0.28  1945.39 0.13 15,987.40
Std 6387.60 0.01 1298.90 0.01 3204.21 0.02 127791 0.02 12,139.82
CCephalopods  [Crustaceans M Chondrichthyes B Osteichthyes 3 <TL <4 = 3854 £+ 0.79% of the TST) (Flg 3). The
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Fig. 2 Biomass contribution provided by each faunistic category

contribution of the species with TL > 4 always came out
lower than 9% of TST.

3.1 Mixed trophic impact analysis and keystone
index

The total MTI analysis was carried out for each simulation
in order to rank the species more influencing the biomass of
the others in the analyzed trophic web. In particular, the
negative and positive impacts of the species are presented
for each simulation in Fig. 4. During the trawl surveys, the
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Fig. 3 Percentage distribution of the total system throughput (TST)
by trophic level (TL)

shark G. melastomus and the teleosts L. budegassa and P.
blennoides showed the highest total negative impacts
together with invertebrate species such as A. foliacea, P.
longirostris, P. martia and I. coindetii. Within differences
by simulated networks, P. blennoides M. dypterygia, M.
poutassou, H. mediterraneus, N. sclerorhynchus and Mu-
nida spp. ranked among the species with the highest pos-
itive impacts.

The species with highest estimated keystoneness and rel-
ative overall effect were represented in Fig. 5. For the sake of
clarity, in the diagrams only the first 5 species with the highest
and the lowest keystoneness, respectively, were showed. The
blackmouth catshark G. melastomus, the broadtail shortfin
squid I. coindetii and the black anglerfish L. budegassa
appeared more frequently as the top keystone species.

Keystones values higher than zero (Fig. 5) are shown for
each simulation.

4 Discussion

The characterization of the SML CWC province in terms of
structure and functioning was carried out calibrating a
mass-balanced model for the representation of the food
web related to the benthopelagic fauna. Each simulation
was based on biomass data (B) directly sampled in the
SML CWC province and other basic parameters (i.e., P/B,
Q/B, Un/Q) that were adopted from other similar studies
performed worldwide (e.g., Neira et al. 2004; Sanchez and
Olaso 2004; Zuozhi et al. 2011; Morales-Zarate et al. 2011;
Banaru et al. 2013) and in the Mediterranean Sea (Coll
et al. 2006, 2007; Barausse et al. 2009; Tsagarakis, et al.
2010; Fouzai et al. 2012, Tecchio et al. 2013). In many of
these studies, pelagic and demersal domains were generally
integrated and simulations were developed at the level of
functional group. On the contrary, in the present study, the
benthopelagic mobile fauna was specifically evaluated
because it was assumed to be directly influenced by the

@ Springer

presence of corals and by the consequent reduced fishing
pressure in the area (D’Onghia et al. 2010, 2011, 2012).
Furthermore, for the first time to our knowledge, simula-
tions were developed maintaining the detail at the species
level. This was possible due to the accuracy of the biomass
data collected during experimental surveys and the appli-
cation of a specific algorithm able to compute a specific
diet matrix for each simulation.

The total biomass of the SML CWC community in the
Northern Ionian Sea resulted higher than the corre-
sponding values detected in different exploited areas as
the South Catalan Sea (Coll et al. 2006), the Cantabrian
Sea (Sanchez and Olaso 2004), the Northern Adriatic Sea
(Coll et al. 2007) and the deep open slope on the Catalan
margin (Tecchio et al. 2013).

Nonetheless, the trophic levels of the species analyzed in
the present study resulted in agreement with those estimated in
the Aegean Sea (Mediterranean Sea) (Stergiou and Karpouzi
2002) and in a subtropical/boreal transition zone as the Can-
tabrian Sea (Eastern Atlantic) (Sanchez and Olaso 2004).

The total system throughput estimated in the SML
trophic web related to benthopelagic fauna resulted mainly
due to consumption. This result is substantially in agree-
ment with other studies carried out in other Mediterranean
basins (Coll et al. 2006, 2007). However, the throughput
and the biomass/throughput estimated in the SML ben-
thopelagic food web were higher than those estimated in
the South Catalan Sea (Coll et al. 2006; Tecchio et al.
2013) and in the Northern and Central Adriatic Sea (Coll
et al. 2007). In particular, the greatest part (about 80%) of
the total system throughput in the SML is maintained by
species with trophic level between 2 and 4. This result is
quite different with those reported in the South Catalan Sea
and in the Northern and Central Adriatic Sea (Coll et al.
2006, 2007), where a continuous decreasing trend was
estimated with the increasing trophic level and highest
activity detected in the first two TLs.

The SML benthopelagic trophic web seems to be much
more based on the exploitation of imported material and, to
lesser extent, on a detritus-based trophic structure. This is
in agreement with results reported in Carlier et al. (2009)
who demonstrated as the benthic food web of SML is
exclusively fueled by carbon of external origin. The
activity showed by the primary consumers (1 < TL < 2) in
this study resulted lower than the corresponding estimated
in other investigated Mediterranean areas (Coll et al.
2006, 2007). These differences are likely to be ascribed to
the different sources feeding the food web. In fact, shal-
lower areas (Coll et al. 2006, 2007) are strongly linked to
the pelagic domain and to the superficial primary produc-
tion, while deeper areas may only be fueled by local or
imported organic matter and thus forced to base on the
exploitation of different sources of energy.
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A sudden decrease in activity was recorded moving
beyond the TL > 4. In fact, throughput maintained by
TL > 4 was always very low showing a certain level of un-
efficiency flowing available energy to higher trophic levels,
indicating that the system can sustain few large top
predators roaming in the area, such as the blackmouth
catshark G. melastomus. This means that a significant share
of production seems to be not consumed within the system.
On the contrary, SML benthopelagic assemblages seem to
be able to store biomass at these trophic levels maintaining
high abundance of predators feeding in the area and not

threatened by external pressures such as intense fishing
activity that in other Mediterranean areas has been reck-
oned able to reduce the biomass of top predators (Bearzi
et al. 2004; Coll et al. 2007).

A top-down control of high TL fishes as G. melastomus,
L. budegassa, C. conger and M. merluccius was identified
by means of their total negative impact on the other species
within the system. This is mainly due to the wide range of
possible preys in their diet and to their relative high
abundance in the SML coral area (D’Onghia et al. 2012).
The blackmouth catshark is the most abundant demersal
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shark on the upper and middle slope of the Ionian Sea (Sion
et al. 2004) and is considered a generalist feeder living and
foraging close to sandy bottom. The black anglerfish which
is generally abundant in the North-western Ionian Sea
(Carlucci et al. 2009) is a large-bodied bottom species that
lives between 70 and 800 m of depth being a specialized
ichthyophagous predator with ambush behavior that
attracts potential prey with the modified first ray of the
dorsal fin that acts as a lure (Preciado et al. 2006). C.
conger is considered a large opportunistic predator living
and foraging close to rocky areas where it finds refuge
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during the day (Morato et al. 1999; Xavier et al. 2010).
Recently, it was found to be relatively abundant in the
SML CWC province (D’Onghia et al. 2012).

In addition, the high abundance observed for high TL
fishes in the SML CWC province could be due to the lower
fishing pressure observed in this area (D’Onghia et al. 2010).

This could also be interpreted as a consequence of the
absence of a fishing down the web effect. Fishing down is a
succession which reverses the usual evolutionary sequence
(Pauly et al. 1998). It consists of a gradual loss of larger
organisms, species and structural diversity, and a gradual
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replacement of recently evolved, derived groups (e.g., bony
fishes) by more primitive opportunistic groups (e.g.,
invertebrates). This is a common effect reckoned in
exploited areas that seem to be absent in the SML CWC
province due to the lower fishing pressure making this area
a peculiar in the Mediterranean context.

5 Conclusions

The ecological model of the demersal assemblages around
and inside the SML CWC province represents a first
attempt to integrate the available biological data from the
area into a holistic and comprehensive system-view
approach. The mass-balance modeling of the benthopelagic
food web provides a summary of current knowledge of the
biomass, consumption, production and trophic structure in
a peculiar Mediterranean ecosystem. This is in fact a rare
example of living Madrepora—Lophelia-bearing coral
mounds characterized by a high biodiversity in the context
of the muddy bathyal grounds in the Mediterranean Sea
where corals play as a de facto exclusion system from
intense fishery exploitation. This study constitutes the first
attempt at modeling the deep demersal fauna at the species
level and one of the few studies (besides Tecchio et al.
2013) on deep Mediterranean environment trophic web.
Results highlight important features in terms of the struc-
ture and functioning of the system, such as the high level of
activity maintained by intermediate TLs and the important
role of top—down control acting in the community.

In the SML CWC province, it is detected a high abun-
dance of high TL organisms probably due to the low
fishing activity in this area. This is the main consequence
of the absence of a fishing down the web effect that makes
this area a peculiar environment in the widely exploited
Mediterranean context.

The system simulation is a valuable tool for under-
standing ecosystem functioning and for developing system-
scale management scenarios. In fact, it is possibly inves-
tigating the consequences of certain actions, such as fishing
pressure increase or legal protection of specific areas.
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