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Many species inhabiting the benthic marine ecosystems of the central and northern Chilean coast have
been intensively harvested and this exploitation has increased considerably in recent years. Despite this
harvest pressure, few studies have attempted to establish a more holistic, systems-based management
plan. On the contrary, research continues to rely on population models in which the species of interest
are isolated from their ecological context. This work offers several keystone indices in order to help
multispecies fisheries management. The indices used are: (1) functional indices based on steady-state and
dynamic trophic models; (2) structural indices based on bottom-up and top-down control mechanisms;
and (3) qualitative keystone species indices using loop models (mixed control). The quantitative trophic
models were constructed using Ecopath with Ecosim (EwE; v. 5.0) software, and the qualitative model
was analysed using Loop Analysis. All models describe the interactions of the most representative species
and functional groups inhabiting the benthic ecosystems of Tongoy Bay, La Rinconada Marine Reserve
(Antofagasta Bay), and the kelp forest of Mejillones Peninsula (Antofagasta). Even though our results only
represent the short-term dynamics of these systems, we have found keystoneness properties of several
species and functional groups, including primary producers, herbivores, and top predators. Despite this
wide variability of groups, we detected a different core set of species or functional groups, each of which
contained prey-predator and plant-herbivore relationships. Because the traditional keystone concept
of a single species is difficult to apply, we suggest shifting away from this view towards a more holistic
alternative such as that of a keystone species complex. This kind of approach would facilitate the design
and assessment of sustainable management strategies for ecological marine ecosystems. Despite the
ecological relevance of our results, further experimental studies and modelling using other theoretical
frameworks should be performed.
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1. Introduction

Ever since Paine (1969) introduced the concept of keystone
species to ecology, it has been the “cornerstone” for the devel-
opment of numerous investigations in different communities and
ecosystems (Mills et al., 1993; Power et al., 1996), especially given
its direct and immediate use in the design and application of con-
servation management programs (Payton et al., 2002). Of all the
definitions proposed for keystone species, the most widespread
and the simplest was given by Power et al. (1996): “a species
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whose effect is large, and disproportionately large relative to its abun-
dance”. Although the concept seems to be sufficiently clear, its
determination in communities and ecosystems is not, since this
requires observations and studies that incorporate different spatio-
temporal scales, levels of organization, and taxonomic groups
(Power et al., 1996; Libralato et al., 2006).

Although numerous studies based on field experiments have
quantified the strength of interactions by evaluating the impacts
propagated on remainder species when the abundance of one
species in a community changes (Paine, 1992; Berlow, 1999), these
studies necessarily focused on a few species, excluding other “unin-
teresting” species from the experiment and possibly causing an
inevitable bias in the identification of keystone species (Wootton,
1994; Libralato et al., 2006). Likewise, other external factors (i.e.,
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Fig. 1. Locations of the study areas in central and northern Chile: (1) Tongoy Bay, (2) La Rinconada Marine Reserve, and (3) the Mejillones Peninsula kelp forest.

level of exposure to coastal waves, environmental heterogene-
ity, harvest) may cause the density of the species of interest to
vary in different habitats, thereby hindering the necessary repli-
cation of studies and the determination of keystoneness. Finally,
some purely experimental studies (Pace et al., 1999) have omit-
ted the propagation of higher-order effects - which are buffered
along some pathways and amplified along others - despite the rec-
ognized importance of this phenomenon (Wootton, 1994; Patten,
1997; Yodzis, 2001).

Many studies have suggested characterizing the role that dif-
ferent species play in their ecological systems by using different
network indices (Jordan et al., 1999, 2007; Dunne et al., 2002;
Luczkovich et al., 2003; Jordan and Scheuring, 2004; Allesina and
Bodini, 2005; Brose et al., 2005; Ekl6f and Ebenman, 2006; Libralato
et al., 2006). Such multispecies modelling offers a complemen-
tary way to deal with some of the limitations in the experimental
identification of key groups. Quantitative trophic models per-
mit estimations of the strength of interactions between model
species or functional groups by identifying the presence of keystone
species, which occupy key positions in the networks (Jordan et al.,
1999; Jordan and Scheuring, 2004). Keystoneness can also be deter-
mined using qualitative loop models, in which case, the key position
of a species is a consequence of changes in its self-dynamics, mod-
ifying the balance (prevalence) of positive and negative feedbacks
and, thus, the local stability of the network.

Over the last few years, the multispecies modelling approach
has gained ground due to growing interest in the evaluation, quan-
tification, and prediction of the changes that fisheries produce in

an ecosystem’s properties (Hall, 1999a,b; Robinson and Frid, 2003;
Hawkins, 2004; Pikitch et al., 2004; Francis et al., 2007; Scotti et al.,
2007; Crowder et al., 2008). Thus, multispecies models could be
used for pre-screening, determining the core set of variables that
should be considered in subsequent field experiments.

The aim of this work is to use pre-screening to identify keystone
species based on: (1) functional indices using quantitative models
(using EwWE v. 5.0), (2) structural indices including bottom-up and
top-down control mechanisms, and (3) qualitative indices based on
Loop Analysis (mixed control). All trophic models represent inter-
specific relationships (prey-predator) taking place in the benthic
communities of Tongoy Bay (Ortiz and Wolff, 2002a), La Rinconada
Marine Reserve (SE Pacific coast) (Ortiz et al., 2010), and the kelp
forest of Mejillones Peninsula (Antofagasta) (Ortiz, 2008a), all of
which are intensively exploited. The identification of keystoneness
in these benthic networks would complement the existing infor-
mation describing other attributes of such ecosystems (Ortiz and
Wolff, 2002a; Ortiz, 2008b, 2010; Ortiz et al.,2010; Ortiz and Levins,
2011), thereby contributing to both conservation ecology and the
design and implementation of sustainable multispecies fisheries
management.

2. Materials and methods
2.1. Study areas

Three study areas are used herein. (1) Four habitats were
modelled in Tongoy Bay: seagrass meadows at depths of 0-4 m;
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sand-gravel between 4 and 10 m; sand between 10 and 14 m, and
mud bottoms at >14m depth (Fig. 1). (2) La Rinconada Marine
Reserve is located in the northern part of Antofagasta Bay (Mejil-
lones Peninsula, Chile). At depths of 8-15m, sand and gravel
dominate the physical benthos and two ecological subsystems host
clearly different species aggregates (Fig. 1).(3) The benthic commu-
nities of the kelp forest adjacent to Santa Maria Island off Mejillones
Peninsula were used. All kelp bed studies occupied rocky bot-
toms made up of boulders and platforms with varying exposure
to the prevalent waves. An important upwelling centre near all the
benthic communities supplies nutrients to the coastal ecosystems
(Daneri et al., 2000; Escribano et al., 2004). It is important to indi-
cate that all ecological systems modelled are intensively intervened
(harvested) by local artisanal fishermen (Table 1).

2.2. Ecopath, Ecosim (v. 5.0) and Loop Analysis: theoretical
frameworks

It is important to mention that the model compartments
(species and/or functional groups) were selected and defined using
information on direct trophic interactions between the target
species and other relevant macrofauna species in the systems. For
more detailed information, please see Ortiz and Wolff (2002a),
Ortiz (2008a), and Ortiz et al. (2010). These contributions used
Ecopath with Ecosim software (v. 5.0) (www.Ecopath.org) to con-
struct trophic mass-balance models. Ecopath was first developed
by Polovina (1984) and further extended by Christensen and Pauly
(1992) and Walters et al. (1997). The Ecopath model permits
a steady-state description of the matter/energy flow within an
ecosystem at a particular time, whereas Ecosim enables dynamic
simulations based on an Ecopath model, allowing the estimation
of ecosystem changes as a consequence of a set of perturba-
tions. Ecopath and Ecosim models have been widely used to
describe and compare a variety of ecosystems of different spa-
tial sizes, geographical locations, and complexities (Monaco and
Ulanowicz, 1997; Christensen and Walters, 2004; Guénette et al.,
2008; Griffiths et al., 2010; Arias et al., 2011). For more details, see
Appendix A.

Table 1 shows the parameters entered into and estimated by
Ecopath software for each benthic system studied. The diet and the
qualitative interaction matrices for all benthic systems are shown
in Appendix B.

In qualitative loop models (based on Loop Analysis), relation-
ships are shown as a sign that indicates the type of influence each
variable has upon another (i.e., positive, negative, or zero) (see
Table 2). For instance, in ecological relationships (+, —) denotes a
predator-prey or parasite-host interaction (—, —) represents com-
petition between two species, and (+, +), (+, 0), and (—, 0) represent
mutualism, commensalism, and amensalism, respectively. Each
variable is shown as a large circle, the edges of which represent
the directions and types of its interactions, i.e., an arrow at one end
indicates a positive effect; a circle means the effect is negative; and
the lack of a symbol shows a null effect.

Loop Analysis is based on the correspondence between differen-
tial equations near equilibrium, matrices, and their loop diagrams.
Loop Analysis (Levins, 1998) is a useful technique for estimating the
local stability (sustainability) of systems and assessing the prop-
agation of direct and indirect effects as a response to external
perturbations (Ramsey and Veltman, 2005). This approach has been
applied widely in different fields of the natural sciences (Briand and
McCauley, 1978; Levins and Vandermeer, 1990; Lane, 1998; Hulot
et al., 2000; Ortiz and Wolff, 2002b, 2008; Ortiz, 2008b; Ortiz and
Stotz, 2007; Darmbacher et al., 2009; Ortiz and Levins, 2011). For
more details of the modelling assumptions and basic equations, see
Appendix A.

Table 1

Parameter values entered into (bold) and estimated by (standard) Ecopath software
(TL=trophic level, C=catches, B=biomass, P/B=turnover rate, Q/B=consumption
rate, EE = ecotrophic efficiency) for seagrass, sand-gravel, sand, and mud habitats,
and the whole model in Tongoy Bay, La Rinconada Marine Reserve, and the kelp
forest ecosystem.

Seagrass model

Species/functional groups B C P/B Q/B TL? EE?

(1) M. gelatinosus 20.5 1.2 50 3.2 0.09
(2) H. helianthus 0.5 0.6 23 35 0.35
(3) L. magallanica 0.6 0.7 30 31 0.24
(4) C. polyodon 100 0.2 1.1 95 34 0.88
(5) P. barbiger 1.6 20 99 33 0.96
(6) Taliepus sp. 13 15 95 3.0 0.97
(7) Large Epifauna 2.2 13 95 3.2 0.96
(8) A. purpuratus 900 75 2.1 99 20 0.81
(9) Small Epifauna 29.5 37 125 28 0.94
(10) Infauna 65.0 4.4 147 22 0.85
(11) H. tasmanica 450.0 15 1.0 0.09
(12) Ch. chamissoi 55 0.01 6.0 1.0 0.25
(13) Rodophyta 6.0 5.5 1.0 0.25
(14) Ulva sp. 5.0 6.0 1.0 0.28
(15) Zooplankton 18.0 400 1600 20 0.23
(16) Phytoplankon 28.0 250.0 1.0 0.52
(17) Detritus 100.0 1.0 0.16

Sand-gravel model

Species/functional groups B C P/B Q/B TL? EE?
(1) M. gelatinosus 46.8 1.2 50 3.1 0.09
(2) H. helianthus 2.0 1.1 23 31 0.22
(3) L. magallanica 4.0 11 30 30 0.53
(4) C. polyodon 25.6 0.2 1.1 95 33 0.70
(5) P. barbiger 29.3 2.0 99 30 0.85
(6) Taliepus sp. 1.7 15 95 21 0.95
(7) Large Epifauna 7.5 2.2 95 3.2 0.99
(8) A. purpuratus 715 7.5 2.1 99 20 0.86
(9) C. trochiformis 90.0 0.8 99 20 0.93
(10) Tegula sp. 150.0 22 99 20 0.77
(11) Pyura chilensis 70.0 3.2 110 24 0.64
(12) Small Epifauna 20.0 37 125 28 0.93
(13) Infauna 60.0 4.4 147 22 0.93
(14) Ch. chamissoi 564.8 1139 6.0 1.0 0.26
(15) Rodophyta 230.0 5.5 1.0 0.37
(16) Ulva sp. 70.0 6.0 1.0 0.22
(17) Zooplankton 19.0 40.0 160.00 2.0 0.54
(18) Phytoplankton 36 250 1.0 0.53
(19) Detritus 100 1.0 0.14
Sand model

Species/functional groups B C P/B Q/B TL? EE?
(1) M. gelatinosus 17.3 1.2 50 3.1 0.13
(2) L. magallanica 0.6 0.6 23 20 0.24
(3) C. polyodon 175 0.1 11 95 3.2 0.95
(4) C. coronatus 6.4 1.8 95 29 0.94
(5) Large Epifauna 6.0 13 95 31 0.97
(6) X. cassidiformis 9.7 0.6 15 55 2.0 0.97
(7) A. purpuratus 40.0 0.99 21 99 20 0.82
(8) Mulinia sp. 150.0 1.2 99 21 0.54
(9) Small Epifauna 43.0 3.7 125 22 0.97
(10) Infauna 150.0 7.0 147 1.0 0.95
(11) Ch. chamissoi 3.0 6.0 1.0 0.83
(12) Rodophyta 6.0 5.5 1.0 0.68
(13) Ulva sp. 3.0 6.0 1.0 0.83
(14) Zooplankton 18.0 400 160.0 2.0 0.22
(15) Phytoplankton 34.0 250.0 1.0 0.39
(16) Detritus 100.0 1.0 0.12
Mud model

Species/functional groups B C P/B Q/B TL2 EE?
(1) M. gelatinosus 1.1 1.2 5.0 3.2 0.08
(2) L. magallanica 0.6 0.7 23 3.1 0.13
(3) C. polyodon 74 0.1 11 9.5 35 0.87
(4) C. porteri 23.7 0.5 4.5 3.0 0.90
(5) C. coronatus 6.4 1.8 9.5 3.2 0.94
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Table 1 (Continued )

Mud model Kelp forest model

Species/functional groups B C P/B Q/B TL? EE? Species/functional groups B C P/B Q/B TL? EE?
(6) Large Epifauna 15.0 13 95 33 0.95 (13) Small Epifauna 150.0 6.0 1250 2.3 0.61
(7) A. purpuratus 40 001 21 99 20 082 (14) P. chilensis 1247 10.0 210 450 34 038
(8) Small Epifauna 21.0 3.7 125 29 0.99 (15) Ch. variegatus 17.72 10.0 2.05 6.0 32 0.28
(9) Infauna 96.0 44 147 22 097 (16) Zooplankton 20.0 400 1600 20 047
(10) Zooplankton 18.0 40.0 1600 20 0.34 (17) Phytoplankton 30.0 250.0 1.0 0.46
(11) Phytoplankton 28.0 250.0 1.0 043 (18) Detritus 100.0 1.0 003
12) Detrit 100.0 1.0 022

(12) Detritus 2 Parameter calculated by Ecopath II.
Whole model

Species/functional groups B c P/B QB T* EE 2.3. Mixed trophic impacts and system recovery time

1) M. gelatinosus 21.6 1.2 50 3.1 0.15 . - . .

22; H ﬁe,mmhus 11 06 23 32 0417 The mixed trophic impacts (MTI) (Ulanowicz and Puccia, 1990)
(3) L. magallanica 1.3 0.7 30 3.1 0.12 routine of Ecopath was used to make a preliminary evaluation of
(4) X. cassidiformis 23 0.6 15 55 31 099 the propagation of direct and indirect effects in response to distur-
(5) C. polyodon 100 04 1010 95 34 092 bances affecting species of commercial interest. Ecosim simulations
(6) C. porteri 3.5 0.5 45 33 091 . . .

(7) C. coronatus 25 108.0 95 34 096 were used to evaluate the propagation of instantaneous direct and
(8) P. barbiger 4.0 2.0 99 29 083 indirect effects and the system recovery time (SRT) in response to
(9) Large Epifauna 5.5 1.3 95 35 091 increased total mortality (Z=M +F) equivalent to 30% more total
(10) A. purpuratus 55.0 16 21 99 20 081 production (P=B x Z). This was done between the first and second
(“)Ta“e,‘”f‘s Sp- 0.7 15 95 22 09 year of simulation for all species and functional groups consid-
(12) Mulinia sp. 24.0 1.2 99 20 0.80 . . . .
(13) C. trochiformis 37.0 08 99 20 075 ered in the model. Since the models studied represent only their
(14) Tegula sp. 38.0 2.2 99 20 0.70 short-term dynamics, the propagation of instantaneous effects was
(15) Pyura chilensis 20.0 32 110 24 073 determined by evaluating the changes of biomass in the remainder
(}g) lSnflall Epifauna ég'g 2’471 :‘21'30 ;2 ggé variables in the third year of simulation. Due to the lack of exper-
E18§ PR 1100 5 T oas imental accuracy and time-series of landings for the variables, all
(19) Ch. chamissoi 786 114 6 10 038 dynamic simulations by Ecosim were carried out using the follow-
(20) Rodophyta 110.0 5.5 1.0 032 ing flow control mechanisms (v;): (1) bottom-up, (2) mixed, and
(21) Ulva sp. 50 6 1.0 032 (3) top-down.

(22) Zooplankton 18 40 160 2.0 0.54

(23) Phytoplankton 28 250 1.0 0.57 i o

(24) Detritus 10 016 2.4. Functional keystoneness indices

LRMR model Once the trophic model was balanced, the functional index (KS;)
Species/functional groups B c P/B QB TL2  EE2 developed by Libralato et al. (2006) was used. This is an extension

of the MTI (Ulanowicz and Puccia, 1990). Since every impact can be

(1) A. purpuratus 1628 2710 2.7 99 20 0.70 s . .

(2) sA. purpuratus 500 50 20 99 20 005 quantitatively positive or negative, a new measure of the overall
(3) T. dombeii 159.7 02 20 99 20 018 effect must be determined for each species or functional group (&;)
(4) T. pannosa 35.0 0.2 2.8 99 20 096 using the following mathematical relationship:

(5)A. ater 20.0 0.2 1.8 99 20 088

(6) T. chocolata 315 0.7 2.7 72 25 0.35

(7) L. magallanica 04 0.5 3.0 3.1 0.06 & = (1)
(8) Cancer spp. 53 1.9 95 3.0 0.10 te

(9) SEH 30.0 25 1.7 20 079

(10) SEC 20.0 20 104 28 072

(11) LE 12.0 1.9 92 28 060 where m;; corresponds to the elements of the MTI matrix and quan-
(12) Chlorophyta 15.0 5.0 1.0 070 tifies the direct and indirect impacts that each (impacting) species
(13) Rhodophyta 169.3 5.0 10001 or group i has on any (impacted) group j of the food web. However,
(14) Phaeophyta 30.0 5.0 1.0 0.94 . . . . .
(15) Zooplankton 20.0 400 1600 20 001 the effect of the change in biomass on the group itself (i.e., m;;) is
(16) Phytoplankton 30.0 250.0 1.0 086 not included. The contribution of biomass from every species or
(17) Detritus 100.0 10 028 functional group with respect to the total biomass of the food web

was estimated using the following relationship:
Kelp forest model
B:

Species/functional groups B c PB QB TL*  EE? pi = ZHIB (2)
(1) M. integrifolia 14480 80.0 10.30 1.0 013 i 7k

(g) ]LVI fmbeﬁ”llam Zsjg-g 160.0 13-30 }-8 g-gg where p; is the proportion of biomass of each species B; with respect
E 4; legggpgy‘:;“ 687.70 :‘0 10 o057 to the sum of the total biomass By. Therefore, in order to balance
(5) Chlorophyta 111.90 25.0 10 086 the overall effect and biomass, we established the keystone index
(6) H. helianthus 56.42 120 250 33 006 (KS;) for each species or functional group, integrating Eqs. (1) and
(7) M. gelatinosus 28.72 0.60 50 3.1 0.25 (2) as follows:

(8) Other Seastar 2.77 150 30 32 0.71

(9) T. niger 284.83 290 100 20 061 KS; = log[e;(1 — p;)] (3)
(10) Tegula sp. 90.0 40 200 20 091

(11) Turritella sp. 425.19 392 80 20 031 This index assigns high values of functional keystoneness
(12) Large Epifauna 200.0 150 950 28 0.31

to those variables (species) or functional groups that have low
biomass and a high overall effect.



M. Ortiz et al. / Ecological Indicators 25 (2013) 133-140 137

The propagation of direct and indirect effects and system recov-
ery time (SRT) magnitudes estimated by Ecosim were treated in the
same way as were those obtained with MTI in order to obtain two
additional functional keystone indices. Egs. (1)-(3) were used to
obtain one keystone species index related to the propagation of
effects (KSigcosim1)» and Egs. (2) and (3) were used to obtain another
functional keystone species index related to SRT values (KSigcosim2)-
Both indices revealed, as did the KS; index (Libralato et al., 2006),
that high values of keystoneness corresponded to variables with
low biomass and a high overall effect.

2.5. Topological-structural keystoneness index

The structural keystone index (K;) developed by Jordan et al.
(1999) and Jordan (2001) was also used in this work. Jordan’s index
considers direct and indirect interactions in vertical directions (i.e.,
bottom-up and top-down). The keystone index of the ith species or
functional group (K;) is calculated as follows:

K,-:Zdlc(l+1(bc)+zfle(l+1<re) (4)
c=1 e=1

where n is the number of predators eating species i, d. is the num-
ber of prey of the cth predator, K}, is the bottom-up keystone index
of the cth predator, and symmetrically we have m as the number of
prey eaten by species i, f. as the number of predators of its eth prey,
and K as the top-down keystone index of the eth prey. Within this
index, the first and second components represent the bottom-up
(Kpc) and top-down (K. ) effects, respectively. Finally, the keystone
index (K;) corresponds to the highest value as a product of the addi-
tion of bottom-up (Kj.) and top-down (K ) components. For more
details on this method, see Jordan et al. (1999), Jordan (2001), and
Vasas et al. (2007). It is important to indicate that only bottom-up
and top-down components of K; were used in the current work as
a way to compare functional indices obtained using Ecosim simu-
lations under different flow control mechanisms.

2.6. Qualitative keystone index

Keystoneness indices based on qualitative loop models were
also calculated. Once the stabilized matrix with F,; < 0 was obtained,
the self-dynamics of each variable corresponding to the principal
diagonal (Appendix B) were modified in order to estimate a new
perturbed magnitude of local stability Fp. Based on the distance
between F, and Fp, A = LFn - Fp|, it was possible to determine the
change provoked by each variable on initial stability (Fy), thereby
obtaining a first qualitative keystone species index (KQj.47). Since
Loop Analysis does not consider the abundance of the variables, the
difference (A) was used in Eq. (3) to obtain an additional keystone
index (KQj.42) in which high values of keystoneness corresponded
to variables with low biomass and a high overall effect. Due to the
qualitative character of Loop Analysis, the prey-predator interaction
was captured as a mixed control mechanism.

3. Results

Table 2 summarizes the results obtained from all the keystone
indices applied (only the top ranking group). These indices indi-
cated keystoneness properties for a variety of different species
and functional groups, coinciding in only some of them. In gen-
eral terms, keystoneness properties were detected for species of
different trophic levels, from primary producers to herbivores (fil-
ter feeders) to top predators. Fig. 2 shows the different core sets of
species for each model. The core sets of species contain from 14.4
to 44.5% of the total system biomass.

Seagrass

Sand-gravel

\_ 24% of tolal system biomass /

\ 21.3% of total system biomass /‘

Sand Mud

\ 20.5% of total system biomass /

\ 44 5% of total system biomass. /

\ 29 5% of total system biomass _/

La Rinconada Marine Reserve
(LRMR)

Kelp forest

\ 14.4% of lolal system biomass. /

k 21.9% of total system biomass /

Fig. 2. Core set of species with keystone properties (keystone species complex) in
each ecological system studied (Note: species names are listed in Table 2. The small
circles and arrows represent negative and positive effects, respectively).
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Table 2

Key species or groups identified by different keystone species indices in each ecological system modelled (for details, see Section 2).

Model keystoneness indexes Species and/or functional groups

Ecological model systems

Seagrass Sand-gravel Sand Mud Whole LRMR Kelp forest

K; C. polyodon C. polyodon C. polyodon C. polyodon C. polyodon Phytoplankton H. helianthus
(Cpol) (Cpol) (Cpol) (Cpol) (Cpol) (Phy) (Hh)

KS; Small Epifauna Tegula sp. Small Epifauna Zooplankton Tegula sp. Phytoplankton Chlorophyta
(SE) (Tesp) (SE) (Zoo) (Tesp) (Phy) (Chlo)

KSigcosim1 (bottom-up) A. purpuratus M. gelatinosus C. polyodon C. porteri (Cpor) M. gelatinosus T. pannosa (Tp) Large Epifauna
(Ap) (Mg) (Cpol) (Mg) (LE)

KSigcosim1 (mixed) M. gelatinosus Tegula sp. Small Epifauna C. porteri (Cpor) Infauna (Inf) Phaeophyta Rhodophyta
(Mg) (Tesp) (SE) (Phae) (Rho)

KSikcosim1 (top-down) A. purpuratus Infauna (Inf) Small Epifauna Small Epifauna Infauna (Inf) Phaeophyta Rhodophyta
(Ap) (SE) (SE) (Phae) (Rho)

KSitcosimz (bottom-up) A. purpuratus Phytoplankton Phytoplankton Phytoplankton Phytoplankton L. magallanica Mesophylum sp.
(Ap) (Phy) (Phy) (Phy) (Phy) (Lm) (Mesp)

KSikcosim2 (mixed) Phytoplankton Phytoplankton Phytoplankton Small Epifauna A. purpuratus L. magallanica P. chilensis?
(Phy) (Phy) (Phy) (SE) (Ap) (Lm) (Pch2)

KSitcosim2 (top-down) M. gelatinosus Phytoplankton - Small Epifauna Phytoplankton - H. helianthus
(Mg) (Phy) (SE) (Phy) (Hh)

KQja; (mixed) Phytoplankton Taliepus sp. Phytoplankton M. gelatinosus X. cassidiformis A. ater (Aa) T. niger (Tn)
(Phy) (Tasp) (Phy) (Mg) (Xe)

KQjra2 (mixed) Phytoplankton Taliepus sp. Phytoplankton M. gelatinosus X. cassidiformis A. ater (Aa) Large Epifauna
(Phy) (Tasp) (Phy) (Mg) (Xc) (LE)

In the seagrass model (Tongoy Bay), just five species or
functional groups were detected with keystoneness properties.
According to the structural index K;j, the carnivorous crab Cancer
polyodon was keystone, whereas the functional indices KSigcosim1
and KSigqosim2 Showed the seastar Meyenaster gelatinosus to occupy
this position. The functional index KS; indicated that the group
Small Epifauna (SE) was keystone; KSigcosim1 and KSigcosim2 Showed
the scallop Argopecten purpuratus to be keystone; and according
to the functional KS;gq.sim> index and the qualitative indices KQj 41,
and KQj; 42, Phytoplankton was keystone.

In the sand-gravel model, in addition to the species named
above, the herbivores Tegula sp. (snail) (KS;) and Taliepus sp. (crab)
(KQja1, and KQja2), and the Infauna (KSigqsim;) Were keystone.
In the sand habitat, Phytoplankton (KS;gcosim2, KQjraz, and KQjiaz),
Small Epifauna (KS; and KSigcosim1 ), and C. polyodon (K; and KSigcosim1)
were detected as keystone. Two more keystone species were found
in the mud model: Zooplankton (KS;) and the carnivorous crab
Cancer porteri (KSigcosimg )- The whole model, which integrates the
four habitats/models described above, showed that the core set of
species made up of the carnivorous snail Xanthochorus cassidiformis
(KQja1, and KQjaz), C. polyodon (K;), M. gelatinosus (KSigcosim1)s
Tegula sp. (KS;), A. purpuratus (KSigcosim2)» Infauna (KSigcosim1), and
Phytoplankton (KSjgcsim2) Were keystone (Table 2) (Fig. 2).

In La Rinconada Marine Reserve (LRMR) model, the struc-
tural K; and functional KS; indices showed Phytoplankton to be a
topological keystone species. The Phaeophyta group also showed
keystoneness properties when using the functional KS;gcosim; index.
The functional KSigcosim; and qualitative KQ; 4; and KQj 4> indices
revealed keystoneness for species and functional groups such as
the clams Transanella pannosa and Aulacomya ater. However, the
KSitcosim2 index indicated that the asteroid top predator Luidia mag-
allanica was a keystone species (Table 2) (Fig. 2).

In the case of the kelp beds model, the functional KS;,
KSitcosim1» and KSigcosimz indices showed the macroalgae Chloro-
phya, Rhodophyta, and Mesophylum sp., respectively, to be
keystone species. The structural K; and the functional KSigysim2
indices indicated keystone properties for the asteroid H. helianthus
and the fish Pinguipes chilensis (Table 2). Additionally, the herbivo-
rous sea urchin Tetrapigus niger and the group Large Epifauna were
detected as keystone species using the qualitative KQj 47 and KQj 4>
and the functional KSigysim; indices (Fig. 2).

It is important to indicate that the functional KSigcysin; index in
the sand-gravel model (under mixed and top-down controls) and in
the whole model (under bottom-up and mixed controls) showed,
respectively, Rhodophyta and Heterozostera tasmanica with key-
stoneness, each one with >15% of the total system biomass. Thus,
both species were replaced by the species with the second place of
keystone relevance, that is, Tegula sp. and Infauna for sand-gravel
and M. gelatinosus and Infauna for the whole model (Table 2, Fig. 2).

4. Discussion

Since Paine’s (1969) first definition of keystone species, vari-
ations of the original concept have emerged in response to the
limitations of the experimental design and functional variations
of the species over scales of time and space (Mills et al., 1993;
Menge et al., 1994; Estes et al., 1998; Bond, 2001). This is not as
ambiguous as it might seem at first; because populations are part
of heterogeneous and changing environments (Levins, 1968), vari-
ations in functionality are to be expected. The results obtained
herein coincide with the variations found in experimental stud-
ies, since - according to the functional, structural, and qualitative
keystone indices - several species or functional groups from dif-
ferent trophic levels could have keystone properties. Although this
undoubtedly would complicate the design of traditional fisheries
management strategies, which are based on just those species with
economic value, we suggest that some efforts should be focused on
multispecies management using the core of species found herein.

Although the models analysed in the current work describe
different and heterogeneous benthic systems along the Chilean
coast, the indices determined keystoneness properties for the
principal asteroid species inhabiting such habitats (M. gelatinosus,
H. helianthus, L. magallanica). This outcome agrees partially with
the observations of Gaymer and Himmelman (2008), who stud-
ied dominant seastar species in benthic communities of northern
Chile, establishing M. gelatinosus as a keystone species in subti-
dal systems. Likewise, the relevance of L. magallanica determined
in the present work coincides with the results described by Ortiz
et al. (2009) regarding the highest magnitudes of model resilience
obtained inresponse to perturbations in this starfish species. Phyto-
plankton was also detected as keystone in all model systems (with
the exception of the kelp forest), possibly a consequence of the
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influence of upwelling waters (Daneri et al., 2000; Escribano et al.,
2004).

It is relevant to mention that the phytoplankton-zooplankton
group supports >40% of the overall structure and function in the
ecological systems of Tongoy Bay (Ortiz and Wolff, 2002a) and La
Rinconada Marine Reserve (Antofagasta) (Ortiz et al., 2010). Nev-
ertheless, the phytoplankton would be not relevant in kelp forests
because the concentration of biomass and contribution of nutrients
(through detritus) to the coastal ecosystems would be supported -
in this case — by the kelp species (Duggins et al., 1989). In this case,
the macroalgae in northern Chile (Antofagasta) would contribute
25% of the overall structure and function of the ecosystem (followed
by the phyto-zooplankton group with 20%) (Ortiz, 2008a).

The whole model of Tongoy Bay shows an integration of most
species and/or groups with keystoneness properties found by habi-
tat, and all these species are related ecologically (Fig. 2). A similar
situation appears in La Rinconada Marine Reserve (LRMR) since
top predators and other species or functional groups from low
and intermediate trophic levels were also determined as keystone
species. These were Phaeophyta, the scallop A. purpuratus, and the
clam T. pannosa. In the case of primary producers, it is possible
that these indices confused structural and trophic functional prop-
erties in the system. On the other hand, the qualitative indices
showed keystoneness properties for the mussel A. ater. This result is
very interesting since loop model predictions respond with a high
degree of certainty to external perturbations (Briand and McCauley,
1978; Lane and Blouin, 1985; Lane, 1986; Hulot et al., 2000; Ortiz,
2008b).

The kelp model also showed a core set of species or groups
with keystoneness properties constituted by the fish P. chilensis, the
asteroid H. helianthus, Large Epifauna (predators), the sea urchin T.
niger (herbivore), and primary producers (the algae Mesophylum
sp., Rhodophyta, Chlorophyta). The keystone property of the fish
P. chilensis coincides with reports by Ortiz (2008a) that show that
increased mortality of this fish species by fishing would cause the
highest magnitudes of model resilience in the system. Two qualita-
tive keystone indices based on the loop model differed from those
obtained with the other indices, indicating keystoneness in the her-
bivorous sea urchin T. niger (intermediate trophic level) and the
Large Epifauna functional group of predatory crabs (Taliepus denta-
tus and Homalaspis plana). The sea urchin T. niger deserves special
attention because, as described in the kelp forests of the SE Pacific,
an increased abundance of this herbivore would partially explain
the reduced forests, especially of Macrocystis integrifolia (Steneck
et al., 2002).

In general, our results coincide with those reported for ecolog-
ical experiments and modelling approaches. That is, species likely
to have keystoneness properties are widely heterogeneous. Jordan
etal.(2007,2008) reported similar findings after comparing several
structural and functional keystone species indices. The hetero-
geneity of possible species or functional groups determined in the
current contribution coincide with those described by Power et al.
(1996), Piraino et al. (2002), Libralato et al. (2006), and Jordan et al.
(2007, 2008), particularly concerning: (1) the difficulty in recog-
nizing keystone species in communities and ecosystems with both
experimental and modelling approaches, and (2) the lack of a gen-
eral pattern between trophic levels and keystoneness. Despite the
wide heterogeneity of species and/or functional groups with key-
stoneness properties, we were still able to observe some interesting
tendencies. The core set of species and functional groups consti-
tuted by prey/algae and its natural enemies (predators/grazers)
reveals a more holistic view of keystoneness, i.e., a keystone species
complex, particularly in studies based on quantitative and quali-
tative multispecies models such as that constructed herein (see
Fig. 2). Okey (2004) described similar results defining keystone
guilds or clusters of species with keystoneness properties based

on a trophic model in Alaska. Thus, we believe that the application
of this holistic view for keystoneness would facilitate the design
and assessment of management strategies in all benthic systems
analysed. However, we must also recognize that comprehensive
management is still quite difficult because: (1) the traditional fish-
eries management is based solely on commercial species; and (2)
some species within each keystone species complex are intensively
exploited (such as the bivalves A. purpuratus, A. ater, and T. pannosa;
the crabs C. polyodon and Taliepus sp.; the snail X. cassidiformis; and
the fish P. chilensis), reducing their natural densities (this is not
the case of the asteroids). This, without a doubt, imposes an even
greater challenge, since human interventions accompany the net-
work of interacting species, co-varying with the variables of the
natural system.

Finally, we know that our results should be contrasted with
experimental studies and other modelling approaches such as those
based on artificial neural networks (Muttil and Chau, 2007) in order
to increase global understanding of these matters and our capacity
for prediction. Likewise, it is relevant to note that, in spite of the
inherent and well-known limitations and shortcomings of the Eco-
path, Ecosim and Loop Analysis theoretical frameworks, the models
constructed and the simulations executed in the present contribu-
tion represent the processes underlying the systems studied only
when considering short-term dynamics.
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