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a b s t r a c t

Management and Exploitation Areas for Benthic Resources (MEABR) is the most common type of coastal
marine protected area in Chile, being used for managing inshore benthic resources since 1991. The
structure of the biological community in MEARBs are poorly studied and it is though that a better un-
derstanding of this framework is key to sustainability. Here we present a food web model to characterize
the benthic community and key functional groups in the MEABR of San Vicente Bay (36�440Se73�090W),
using the Ecopath with Ecosim software (EwE). The Chilean albalone Concholepas concholepas is the main
fishing resource in many MEABRs, including the MEABR of San Vicente Bay. The structuring role of main
predators is assessed and compared using mixed trophic impacts (MTI) analysis and through calculate an
interaction strength (IS) index.

The results show that the main flows of consumption in the benthic community of the MEABR of San
Vicente Bay occur in lower trophic levels (TL � 2), while flows in higher trophic levels (TL � 3) are related
mainly to C. concholepas. The MTI and IS analysis show that C. concholepas and crabs are the groups
whose changes in biomass caused the greatest change in total system biomass in MEABR of San Vicente
Bay and can be characterized as playing important ecological roles in that places. Exploitation resulted in
direct and indirect trophic impacts that have the potential of affecting the sustainability of this and other
MEABRs. Future research should also aim at advancing knowledge on basic ecological parameters of
exploited benthic communities beyond target species.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

In Latin America, fisheries targeting benthic invertebrates have
an important socio-economic impact as they represent a primary
source of food, employment and income for fishermen that inhabit
coastal areas (Castilla and Defeo, 2001). This is the case of the
fishery based on the gastropod Concholepas concholepas in Chile
(Muricidae, Brugui�ere, 1789), locally known as “loco” and interna-
tionally as “Chilean abalone”. This fishery started in the 1960s,
reaching maximum landings of 25 thousand tons in 1980. During
this period, benthic fishing resources in Chile were in open access
and a strong increase in their catches started due to a developing
an-Smith), seneira@udec.cl
export market. As a consequence, the loco fishery was over-
exploited and closed in 1989.

The Chilean government promulgated in 1991 the Fisheries and
Aquaculture LawNo 18.992 (FAL), which incorporates territorial use
rights in fisheries (TURFs) under the name of Management and
Exploitation Areas for Benthic Resources (MEABR). MEABR is a type
of marine protected area in which both use and management are
exclusively for local unions of benthic artisanal fishermen. The aim
was to provide incentives for sustainable resource exploitation
(Orensanz and Parma, 2010; Aburto and Stotz, 2013; Aburto et al.,
2013), by setting total allowable catches (TAC) calculated from the
results of single-species stock assessment models. At the end of
year 2015, 596 MEABRs were active covering a seabed area next to
74 thousand hectares (Subpesca, 2015).

Field studies conducted at the intertidal and subtidal Chilean
coast in early 1980s analyzed how changes in the abundance of
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C. Concholepas, mainly related to decline in fishing effort, affected
community structure and dynamics of intertidal communities (i.e.,
Castilla and Duran, 1985; Duran and Castilla, 1989). These studies
determined that C. concholepas is a key predator exerting top-down
control on barnacles, bivalves and limpets, among other important
prey. However, the ecological role of other important predators
such a starfish, crabs and small marine mammals in Chile as well as
interactions in food webs are still poorly understood.

The concept of keystone species was established to describe
those species with trophic impacts disproportionally larger than
their abundance (Paine, 1980; Power and Mills, 1995; Power et al.,
1996). Nevertheless, this concept does not consider an important
aspect of the trophic ecology, namely, the degree of interaction
between species (Shannon and Cury, 2004). A simple way to
quantify interactions in food webs are the Mixed Trophic Impacts
analysis (Ulanowicz and Puccia, 1990) and the interaction strength
index (IS; Shannon and Cury, 2004). MTI quantifies the direct and
indirect impacts of each group in the web, while IS quantifies how
strong these interactions are by measuring the effect that a change
in biomass of one group has on the combined biomass of other
groups in a system.

The objectives of this paper are to describe the structure of
mass/energy flows in a characteristic MEABR in Chile, to assess
the main flows of consumption in each trophic level, and to
identify the functional group(s) whose changes in biomass
generate the greatest impacts in the biomass of other groups in
benthic exploited communities. For this, we build a model the
trophic web of the MEABR of San Vicente Bay in year 2003 using
the Ecopath and Ecosim software (Walters et al., 1997). The
MEABR of San Vicente Bay is located in central-south Chile and it
is one of the oldest MEARB in Chile. The first assessment of the
benthic resources there in was carried out in year 2003, indi-
cating that this MEARB is one of the most productive and active
MEABRs in central Chile. The yield reached 45,000 individuals of
C. concholepas and 2983 individuals of keyhole limpet (Fissurella
spp.) per year, generating $US 82,500. In addition, the exploita-
tion of C. concholepas in the MEABR at San Vicente Bay contrib-
utes to support the livelihood of 43 fishermen and their families,
impacting the economy of both this fishing community and other
MEABRs throughout the Chilean coast. Because there are
ecological and socioeconomic reasons to study sustainability
practices in MEABRs dominated by C. concholepas the MEABR of
San Vicente Bay is a good candidate for a case study.
2. Materials and methods

2.1. Study area

TheManagement and Exploitation Area for Benthic Resources of
San Vicente Bay (MEABR of San Vicente Bay) (Fig. 1), is located in
the vicinity of San Vicente Bay (36�420Se73�090W) in central-south
Chile. In 2003, the benthic resources in this area were directly
evaluated through scientific divers establishing a baseline in terms
of abundance and coverage, therefore we selected this year for our
model.

The study area is characterized by marked changes in oceano-
graphic features, resulting from the intense upwelling occurring in
spring/summer (C�aceres and Arcos, 1991; Figueroa and Moffat,
2000). The MEABR of San Vicente Bay has a seabed extension of
91,66 ha (Subpesca, 2011), constituted by 40% hard substratum
(massive rock boulders), 40% soft substrate (medium to thick sand
type) and 20% mixed substrate (sand and rocks). The area varies in
depth between 0 and 35 m (C�espedes and Le�on, 2003).
2.2. Modeling the food web at the MEABR of San Vicente Bay

A trophic mass-balance model was built to represent commu-
nity structure and trophic relationships of 19 functional groups in
the study area (Table 1). Functional groups were selected because
they exhibit direct or indirect trophic interactions with the main
target species and ecological informationwas available. In addition,
these 19 functional groups allows a good representation of all
trophic levels of the food web. We selected the Ecopath with Eco-
sim (EwE) software version 6.1 (Walters et al., 1997) as model
platform. EwE parameterizes food web models based on two
master equations describing steady-state and mass-balance con-
ditions for each functional group. The production for each group is
calculated using the following equation:

Pi ¼ Yi þM2i � Bi þ Ei þ BAi þM0i � Bi (1)

where Pi is the total production rate of each group i, Yi is the total
catch of each group, M2i is the instantaneous predation rate for
group i, Ei is the net migration rate (emigration e immigration), BAi

is the biomass accumulation rate (under steady-state conditions BAi

and Ei are considered to be equal to 0), while M0i is the ‘other
mortality’ rate for group i, Bi is the biomass of the group i.

The mass-balance of each component of the system is given by:

Q ¼ P þ Rþ U (2)

where Q is the consumption of prey within the system as well as
the allochthonous prey, P is production, R is respiration, U is un-
assimilated food by consumers.

Data source used to parameterize the model are detailed in
Table 2. Once the input parameters required to run the model were
completed, the balance for each group i was verified by checking
the values of the ecotrophic efficiency (EE) and the gross food
conversion efficiency (GE). According to Christensen and Pauly
(1992), the following ranges for these parameters are acceptable:
0 < EE < 1 and 0.05 < GE < 0.3.
2.3. Mixed trophic impacts

Once the model was balanced, the mixed trophic impacts (MTI)
routine in EwE was run to calculate direct and indirect trophic
impacts that any one compartment (predator) can have on any
other in the flow network (Ulanowicz and Puccia, 1990). The MTIs
are calculated from the predatoreprey matrix with dimensions
n � n, where the elements 1 i and j represent the interactions be-
tween the impacting group i and the impacted group j. The
mathematical expression of each MTI is as follows:

MTI ¼ DCij � FCij (3)

where DCij is the proportion (in weight) of prey j in the diet
composition of predator i, FCji is the impact of the predator i on its
prey j and corresponds to the proportion of the predation caused by
i in the total predation mortality on predation on j (Christensen and
Walters, 2004).
2.4. Time dynamic simulation (Ecosim)

Once the trophic model constructed in Ecopath has been
balanced, the use of Ecosim allowsmodeling the biomass dynamics
of each functional group in the food web model, using a series of
coupled differential equations developed by Walters et al. (1997).
These equations are derived from the Ecopath master equation (Eq.
(1)), and take the following form



Fig. 1. Study area: Management and Exploitation Area for Benthic Resources of San Vicente Bay, central Chile (36�440S e 73�090W). The polygonal line (red) indicates the location of
the study area. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Functional groups included in the management and exploitation area for benthic
resources of San Vicente Bay model, central Chile, year 2003.

Common name Scientific name

Marine otter Lutra felina
Birds Larus dominicatus, Sheniscus humboldti
Small pelagic fish Engrulis ringens, Strangomera bentincki
Large demersal fish Cilus montti, Paralichthys sp.
Small demersal fish Prolatilus jugularis, Aphos porosus
C. concholepas Concholepas concholepas
Snail Crassilabrum sp.
Crabs Homalaspis plana, Cancer sp.
Sea star Meyenaster gelatinosus
Keyhole limpet Fissurella latimarginata, Fisurella cumigi
Sea urchin Tetrapigus niger
Barnacle Austromegabalanus sp., Chthamalus sp.
Tunicate Pyura chilensis
Bivalve Perumytilus purpuratus, Venus sp.
Copepod Calanoides sp, Calanus sp.
Small benthos Small benthic organisms (1 < cm)
Macrophytes Lessonia sp., Iridaea sp.
Phytoplankton
Detritus
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dBi
dt

¼ gi
X

j

Qij �
X

j

Qij þ Ii � ðMi þ Fi þ eiÞ � Bi (4)

where dBi/dt represents the growth rate during the time interval dt
of group i in terms of its biomass, Bi, gi is the net growth efficiency
(Pi/Qi), Mi the non-predation (‘other’) natural mortality rate, Fi is
fishing mortality rate, ei is emigration rate, Ii is immigration rate, (ei
and Ii are considered zero in this study due to the assumption of a
steady-state system). The two summations estimate consumption
rates, the first expressing the total consumption by group i
gi
P
j
Qij ¼ BiðP=BÞi, while the second Qij express the predation by all

predators on the same group i as follows:
Qij ¼
aij � vij � Bi � Bj
2vij � aij � Bj

(5)

where aij represents the instantaneous mortality rate on prey i
caused by one unit of predator j, and can be interpreted as the
environmentally ‘rate of effective search’ of the consumer feeding
on a prey (Walters et al., 1997). Each aij can be estimated directly
from the ECOPATHmodel by aij ¼ Qj=ðBiBjÞ ; Bi is the biomass of the
prey, Bj is the biomass of the predator; vij is the vulnerability. In
Ecosim one of the most important parameter is the vulnerability to
predation v, which expresses the rate at which the biomass of each
prey flows from a non-vulnerable to predation state towards a
vulnerable state to predation. In the absence of better information,
we assumed a default mixed type of trophic control (vij ¼ 2) for the
simulations. This value indicates that biomass flow from non-
vulnerable to vulnerable state are not as fast/slow as in top-
down/bottom-up type of trophic control, and represent an inter-
mediate degree towhich an increase in predator biomass will cause
in predation mortality for a given prey (Christensen et al., 2000)
2.5. Calculating the interaction strength index for the main
predators in the system

The interaction strength index (IS; Shannon and Cury, 2004) was
calculated to quantify the effect of drastic declines in biomass of
important predators in the community structure in the model
representing the study area. IS was calculated as follows:

IS ¼ 1� jDBi=BijPn
j¼1

��DBj
�
Bj
�� (6)

where B is biomass in year 0, i is the group being analyzed as a
predator with strong trophic interactions. The predator groups (i)
analyzed for strong trophic interactions were sea star, snails, crabs
and C. concholepas, j represents all n functional groups in the model
excluding i, DB is the change in biomass of a group (the difference
between biomass at the end of the simulation in year 50 and



Table 2
Data sources used to estimate input parameters for the study area. The numbers in the columns refer to the sub-script references.

Functional group B (ton $ km�2) P/B (year�1) Q/B (year�1) EE DC Y (ton $ km�2 $ year�1)

Marine otter GE GE GE EO 5 e

Birds EO 4 4 4 6 e

Small pelagic fish EO 2 GE 2 2 e

Large demersal fish EO 4 4 4 4 e

Small demersal fish EO 4 4 4 4 e

C. concholepas 1 1 GE EO 6 1
Snail EO 4 4 4 4 e

Crabs EO 4 4 4 4 e

Sea star EO 4 4 4 4 e

Keyhole limpet 1 GE GE EO 8 1
Sea urchin EO GE GE GE 9 e

Barnacle EO 7 7 GE GE e

Tunicate EO 3 3 3 GE e

Bivalve EO 4 4 4 4 e

Copepod EO 2 2 2 2 e

Small benthos EO 4 4 4 4 e

Macrophytes EO 3 e 3 e e

Phytoplankton EO 2 e 2 e e

Detritus 2 e e e e e

Nomenclature: B: Biomass, P/B: production-to-biomass ratio, Q/B: consumption-to-biomass ratio, DC: diet composition, Y: catches, EO: Ecopath output, GE: guess estimated.
1 ¼ Direct stock assessment (Cespedes and Le�on, 2003), 2 ¼ Neira et al. (2004), 3 ¼ Ortiz and Wolff (2002), 4 ¼ Wolff (1994), 5 ¼ Pauly et al. (1998), 6 ¼ Soto (1996),
7 ¼ Calcagno et al. (1997), 8 ¼ Moreno (1986), 9 ¼ Lalli and Parsons (1993).
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biomass at the start in year 0), and n is the total number of groups in
the model. Values for the indicator IS lay between 1 and 0, with
values close to 1 indicating groups that have a stronger impact on
other groups. IS was calculated using time-dynamic simulations
where group i is collapsed, i.e., decreasing its biomass to values
close to 0 through using fishing mortality levels as a forcing func-
tion (Walters et al., 1997).

This collapse in the biomass of i is simulated for a period of 50
years (Shannon and Cury, 2004), time in which the stabilization of
the trophic interactions for groups j are achieved, following the
collapse of i. Simulations were performed using the time-dynamic
Ecosim module (Walters et al., 1997) incorporated in EwE. Addi-
tionally, we established a rank with the resulting values of IS and
MTI in the following benthic predators: C. concholepas, snails, crabs
and sea stars.

3. Results

3.1. Basic estimations

In terms of biomass the dominant groups were barnacles (147.2
ton $ km�2) and bivalves (141.7 ton $ km�2), which together
represent 46.8% of total system biomass (TSB). Predator biomass
was dominated by C. concholepas (10.9%), crabs (2.0%), sea star
(1.1%) and snail (1.7%). Vertebrates (fishes, mammals, and birds)
contributed 0.2% to TSB. In terms of catch, C. concholepas is by far
the main resource extracted with 45.9 (ton $ km�2 $ year�1), while
keyhole limpet (the secondary fishery resource), yielded 2.8 (ton $

km�2 $ year�1).
Parameters (inputs and outputs) resulting from the balanced

model (EwE) representing the food web in the study area are
shown in Table 3, while the diet composition of predators in the
same model are shown in Table 4. In all cases the biomass was
estimated by EwE, the exceptions are C. concholepas, keyhole limpet
and marine otter.

3.2. Consumption flows

Consumption flows correspond to trophic (mass) flows from
prey to predators. In the study area (Fig. 2), the main consumption
flows occurred in the lower trophic levels (TL ¼ 1 and TL ¼ 2) and
these are flows from phytoplankton to zooplankton and benthic
invertebrates (i.e., copepods, bivalves, small benthic organism and
barnacles). Other important consumption flows occurred in high
trophic levels, and they are related with C. concholepas (Q ¼ 370.0
ton $ km�2$ year�1) predating on barnacles (Q ¼ 161.7 ton $ km�2 $

year�1) and bivalves (Q ¼ 123.9 ton $ km�2 $ year�1). Tunicates
contribute to a lesser extent to the total consumption of C. con-
cholepas (Q ¼ 28.8 ton $ km�2$ year�1), as well as keyhole limpet
(Q ¼ 17.0 ton $ km�2$ year�1). Consumption flow associated to
cannibalism in C. concholepaswas reduced but noticeable (Q ¼ 19.2
ton $ km�2 $ year�1).

Important trophic flows are also associated to crabs (Q¼ 89.2 ton
$ km�2 $ year�1) predating mainly on snails (Q ¼ 75.8 ton $ km�2 $

year�1). Sea star consumption is supported in almost 60% by the
predation on small benthic organisms (Q ¼ 9.6 ton $ km�2$ year�1)
and bivalves (Q ¼ 3.2 ton $ km�2$ year�1), as shown in Table 5.

3.3. Fishing and predation effects on the food web (mixed trophic
impacts)

The mixed trophic impact analysis (MTI), showed that fishing
activities exhibited the greatest direct negative impacts over the
main fishery resource C. concholepas (MTI ¼ �0.303), but a positive
indirect impact on the secondary fishery resource keyhole limpet
(0.052) as a consequence of the extraction of a predator with high
rate food consumption as it is C. concholepas. The fishery also
exhibited positive impacts on groups such barnacle (MTI ¼ 0.209)
and the tunicate Pyura chilensis (MTI ¼ 0.209) (Fig. 3), which are
important prey of C. concholepas. Therefore, the fishing removal of
C. concholepas resulted in positive indirect trophic impacts that are
beneficial to its prey. C. concholepas had the greatest negative
impact on itself due to cannibalism (MTI ¼ �0.623), and second-
arily over barnacles (MTI ¼ � 0.377) and tunicates (MTI ¼ �0.370)
by predation. At the same time, C. concholepas had a negative
impact over other benthic predators such snail (MTI ¼ �0.146) and
crabs (MTI ¼ �0.127).

3.4. Interaction strength index

The interaction strength index (IS) for themainbenthicpredators
atMEABRof SanVicenteBay, indicated thatC. concholepas (IS¼0.97)



Table 3
Parameter values entered (standard) and estimated (bold) for the balanced trophic model of the management and exploitation area for benthic resources of San Vicente Bay,
year 2003.

Functional group Trophic level B (ton $ km�2) P/B year�1 Q/B year�1 EE

Marine otter 4.2 0.030 2.000 45.000 0.000
Birds 3.6 0.300 0.070 62.000 0.999
Small pelagic fish 2.0 0.145 2.340 13.165 0.999
Large demersal fish 3.7 0.375 0.600 3.000 0.999
Small demersal fish 3.5 0.188 1.500 4.900 0.999
C. concholepas 3.1 67.280 1.032 5.500 0.942
Snail 3.6 10.702 1.920 5.500 0.999
Crabs 3.5 12.788 2.210 7.000 0.999
Sea star 3.9 6.701 1.000 3.200 0.999
Keyhole limpet 2.0 11.800 2.200 9.900 0.995
Sea urchin 2.0 0.096 1.940 5.130 0.999
Barnacle 2.0 147.234 1.100 3.667 0.999
Tunicate 2.0 9.081 3.200 11.000 0.999
Bivalve 2.0 141.700 1.200 9.900 0.999
Copepod 2.1 11.325 35.000 154.519 0.950
Small benthos 2.1 78.897 4.000 11.430 0.895
Macrophytes 1.0 71.550 5.800 e 0.500
Phytoplankton 1.0 47.600 120.00 e 0.500
Detritus 1.0 100.000 e e 0.148

Table 4
Diet composition matrix for the predators included in the model of the management and exploitation area for benthic resources of San Vicente Bay, year 2003.

Prey\predator 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

1. Marine otter
2. Birds
3. Small pelagic fish 0.100 0.100 0.100
4. Large demersal fish 0.167
5. Small demersal fish 0.083 0.150
6. C. concholepas 0.015 0.004 0.052
7. Snail 0.150 0.050 0.026 0.050 0.050 0.150
8. Crabs 0.486 0.379 0.150 0.050 0.050 0.050 0.150
9. Sea star 0.004 0.050 0.100
10. Keyhole limpet 0.149 0.308 0.072
11. Sea urchin 0.004 0.100
12. Barnacle 0.437
13. Tunicate 0.078
14. Bivalve 0.301 0.200 0.150 0.334 0.100 0.350 0.150
15. Copepod 0.020 0.150 0.112 0.200
16. Small benthos 0.650 0.800 0.500 0.450 0.200
17. Macrophytes 1.000 1.000 0.100
18. Phytoplankton 0.980 0.500 0.500 0.680 0.800 0.200
19. Detritus 0.500 0.500 0.300
Import 0.320 0.088
Sum 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
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and crabs (IS ¼ 0.82) are the groups whose biomass change caused
the greatest impacts on total model system biomass (Fig. 4). The
other benthic predators tested showed low interaction strength in
the system, this is the case of sea star with IS ¼ 0.36 (Fig. 4).

4. Discussion

4.1. Trophic structure of the management and exploitation area for
benthic resources of San Vicente Bay

The foodweb structure of theManagement and Exploitation Area
for Benthic Resources of San Vicente Bay (MEABR of San Vicente Bay)
indicates that the main flows of matter and energy are associated to
basal trophic levels (I and II) due to relatively high prey biomass and
the strong trophic interactions among predators. These results are
similar to those reported byWolff (1994) and Ortiz andWolff (2002)
for the exploited benthic communities in Tongoy Bay (Northern
Chile), where the main consumption flows are associated with the
consumption of small benthic organisms and bivalves. In this study
the decrease in the magnitude of flows towards upper trophic levels
(Fig. 2) is explained by low energy transfer efficiency, which is
attributable to respiration losses at each trophic level among other
factors (Lalli and Parsons, 1993). However, model results indicate
relatively high consumption flows in upper trophic levels of the
MEABR of San Vicente Bay. These flows are mostly associated to
C. concholepas and theirmagnitude is at least one order ofmagnitude
greater than consumption flows in other predators of high trophic
level such sea star and marine otter. Therefore, we infer from the re-
sults that C. concholepas plays a key role in the overall consumption
flows in the studyarea. The above result is related to the high biomass
and food consumption of C. concholepas on filter feeders, which act as
mediators between predators and the primary production present in
thewater column of the Humboldt Current System along the Chilean
coast (Thiel et al., 2007).

4.2. Fishing impacts e direct and indirect effects in MEABR of San
Vicente Bay food web

In the last decades the documented impacts of fishing extractive
activities on the populations of C. concholepas along the Chilean



Fig. 2. Flow diagram between functional groups included in the model representing the management and exploitation area for benthic resources at San Vicente Bay, year 2003.
P ¼ production (ton $ km�2$ year�1); Q ¼ consumption (ton $ km2$ year�1). Boxes are distributed along the Y axis according to their trophic level.

Table 5
Consumption of prey (ton $ km�2) in five predators present in the management and
exploitation area for benthic resources of San Vicente Bay, central Chile, year 2003.

Prey/predator Birds C. concholepas Snail Crabs Sea star

C. concholepas 0.1 19.3 e e e

Snail e 9.6 2.9 4.5 3.2
Crabs 7.0 9.6 2.9 4.5 3.2
Sea star 0.1 e e 4.5 2.1
Keyhole limpet 5.7 17.0 e e e

Sea urchin 0.1 e e e e

Barnacle e 161.7 e e e

Tunicate e 28.9 e e e

Bivalve 5.5 124.0 5.9 31.2 3.2
Copepod e e e e e

Small benthos e e 46.9 44.6 9.6
Total consumption 18.5 370.1 58.6 89.3 21.3
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coast could be characterized by three main features: i) decline in
their biomass, ii) populations with incomplete size distributions in
which large size classes are missing, and iii) decline in spatial
covering (Moreno, 1986; Duran et al., 1987; Castilla and Defeo,
2001; Moreno, 2001).

However, the indirect effects of removing populations of
C. concholepas on a given community and related food web are still
poorly known. In the MEABR of San Vicente Bay the fishery
exhibited a positive impact on the secondary resource keyhole
limpets, which is an example of indirect trophic impact
(Christensen and Pauly, 1992; Christensen and Walters, 2004).
Accordingly, the direct negative impact of the fishery on the
biomass of keyhole limpets is surpassed by the positive indirect
impact resulting from fishing removal of C. concholepas, the main
predator of limpets. This is important for the fishery management
of coastal benthic resources if we consider that C. concholepas is the
primary target species in 85% of the MEABRs in Chile (Castilla et al.,
2007) and the co-occurrence of C. concholepas and keyhole limpets
in these areas has been estimated at 90% (Molinet et al., 2010).

4.3. Dynamic multispecies simulations and the interaction strength
index

In Chile, management plans for MEABRs are carried out using
abundance information of fishery resources estimated using single-
species stock assessment models. In general, these methodologies
consider target species as isolated units, ignoring their ecological
interactions (Jurado-Molina, 2001; Walters and Martell, 2004).
Consequently, it has been suggested that management plans for
MEABRs should consider multiple species inhabiting the area, and
not only target species (Castilla and Gelcich, 2008).

In this sense, multi-species models have been applied to
MEABRs in northern Chile where target species (i.e., scallop Argo-
pecten purpuratus) are important components of the food web
(Ortiz andWolff, 2002, 2008; Ortiz et al., 2013). However, food web
analysis of MEABRs dominated by a predator with high trophic
level such C. concholepas, which are the most frequent of the
MEABRs in Chile, have not been conducted. This work shows that
C. concholepas and crabs are stronger interactors in the studied food
web, playing key roles in the way communities are organized. This
means that changes in abundance of those groups have the greatest
impacts on the structure of the MEABR of San Vicente Bay, either as
static interactions (as is the case of MTI) or considering time-
dynamic biomass (as in IS). In the original methodology
described by Shannon and Cury (2004) the IS index was applied to
the ecosystem of southern Benguela under the assumption of
wasp-waist trophic control, where small pelagic fish would exert
bottom-up control on predators and top-down control on the
zooplankton prey (Cury et al., 2000; Shannon et al., 2000). We did
not use wasp-waist control since it is though that the community
structure in rocky intertidal ecosystems would be determined by



Fig. 3. Mixed trophic impact diagram among functional groups included in the model representing the management and exploitation area for benthic resources at San Vicente Bay,
year 2003. The “Y” axis represents the impacting groups and the “X” axis the impacted groups. The positive impacts are shown as ascending bars (in black), while the descending
bars (in grey) show negative impacts. The numbers above the “X” axis correspond to the groups in the “Y” axis. Key: CEPS ¼ Commercial exploited predatory snail “Concholepas
concholepas”.

Fig. 4. Interaction strength index (IS) calculated for four high trophic level predators present at management and exploitation area for benthic resources of San Vicente Bay, year
2003.
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both top-down and bottom-up processes (Hunter and Price, 1992).
Nevertheless, there is no certainty on the mechanisms and the
magnitude of both types of controls in food webs (Menge, 2000).
Correspondingly, in this study the simulations were sketched under
a mixed trophic control that represents an intermediate biomass
transfer rate from vulnerable to invulnerable predation state
(Walters et al., 1997). It is important to note that in Ecosim, the
parameter of vulnerability to predation (v) is crucial (Walters et al.,
1997) and obtaining optimal estimates of (v) requires the model to
be fitted to time series.

Unfortunately, there are stil caveats regarding data quality from
the various source data used (local to global studies) and no time
series of biomass and or abundance of important target and non-
target functional groups are available for the MEABR of San
Vicente Bay.
Therefore, the results obtained in the simulations should be

regarded as a first approach to the real dynamics of this MEABR. It is
known that there are multiple factors influencing MEABRs success,
as economic performance, social capital (Marín et al., 2012; Rosas
et al., 2014), and the population dynamic (i.e. recruitment and
natural mortality) of the benthonic communities that inhabit that
places (Aburto and Stotz, 2013). We are aware that data used in this
study is over 10 years old, and therefore our model may not
represent the system today. However, by placing the artisanal
benthic fisheries in a multispecies context, we developed a base
line for future studies incorporating the ecosystem approach to
fisheries management as mandated by the new Chilean Fishery and
Aquaculture Law.
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5. Conclusion

In the MEABR of San Vicente Bay there are significant flows of
consumption from basal trophic levels towards upper trophic
levels. These flows follow different pathways, but they converge on
the main fishery resource C. concholepas. Therefore, this group
plays the main structural role in the model and likely in the benthic
communities it inhabits. The indicators of interaction strength (IS)
and Mixed Trophic Impacts (MTI) pointed out that other predators
of high trophic level (i.e. crabs and snail predators) in spite of
having low biomass compared to C. concholepas, have strong tro-
phic interactions in this food web probably related with the large
number of species over which they can prey, and therefore the
potential high number of trophic links in which they are involved.

The traditional fisheries management of MEABRs is concerned
with the abundance or biomass of target species. This rather
“myopic” approach is a result of traditional practicing of fisheries
science, but also a result of the lack of ecological knowledge in
groups that do not necessarily constitute fishery resources. These
groups may play important ecological roles in intertidal commu-
nities in both MEABRs and open access areas. Therefore, further
development of modeling approaches as the one presented in this
paper should be incorporated as a complement to the current
management. Future management should also aim at advance our
knowledge on basic ecological parameters of exploited benthic
communities beyond target species.
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