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Abstract

Benthic organisms are among the most diverse and abundant in the marine

realm, and some species are a key factor in studies related to bioengineering.

However, their importance has not been well noted in biogeographic studies.

Macrofaunal assemblages associated with subtidal beds of the ribbed mussel

(Aulacomya atra) along South America were studied to assess the relationship

between their diversity patterns and the proposed biogeographic provinces in

the Southeastern Pacific and Southwestern Atlantic Oceans. Samples from

ribbed mussel beds were obtained from 10 sites distributed from the Peruvian

coast (17°S) to the Argentinean coast (41°S). The sampling included eight beds

in the Pacific and two in the Atlantic and the collections were carried out using

five 0.04 m2 quadrants per site. Faunal assemblages were assessed through clas-

sification analyses using binary and log-transformed abundance data. Variation

in the size and density of mussels, and in the species richness, abundance and

structure of their faunal assemblages were tested using a permutational multi-

variate analysis of variance. Faunal assemblages showed a north–south latitudi-

nal gradient along both the Pacific and Atlantic coasts. Binary and abundance

data showed a difference in the resulting clustering arrangement of Pacific sites

between 40°S and 44°S, indicating a pattern of continuity in the species distri-

bution associated with biological substrates. At a regional scale, the distribution

of species along the South American coast matched the general provincial pat-

tern shown by prior studies, which show two biogeographic units on the Paci-

fic coast separated by an intermediate (probably transitional) zone and a single

province on the Atlantic coast extending up to Northern Argentina. Biological

substrates such as ribbed mussel beds play an important ecological role by

making a similar habitat type available on a large scale for a variety of inverte-

brate species. Despite such habitat homogeneity, however, the associated fauna

exhibit marked distribution breaks, suggesting strong constraints on dispersal.

This therefore suggests that macrofaunal assemblages could possibly be used as

biogeographic indicators.

Introduction

Benthic organisms are among the most diverse and abun-

dant in the marine realm (Angel 1993), and a key factor

determining their colonization success is the availability

of physical and biological substrata. However, the impor-

tance of available substrate for colonization has not been

given much attention in biogeographic studies. The heter-
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ogeneity of physical substrata has long been known to

have several effects on the provision of food, habitat and

refuge for benthic species (e.g. Underwood & Chapman

1989; Chapman & Underwood 1994; Guichard & Bourget

1998; Camus et al. 1999). However, live substrata may

play similar roles, particularly those species known as

‘ecosystem engineers’ (Jones et al. 1994) that develop

complex body architectures or three-dimensional aggrega-

tions. By generating suitable microhabitats that allow for

feeding and reproduction of a wide variety of invertebrate

taxa, bioengineering may significantly affect the diversity

and distribution of species in the community and even

community membership (e.g. Bertness & Callaway 1994;

Jones et al. 1994; Seed 1996; Borthagaray & Carranza

2007; Kelaher et al. 2007a; Sep�ulveda et al. 2015). This is

of particular importance considering that the spatial or

temporal scale of the biosubstrate exceeds that involved

in direct organismal interactions (Hastings et al. 2007).

The complex beds assembled by marine mussels are an

outstanding example of a widespread biogenic habitat

hosting a high diversity of sessile and mobile animals.

These animals can be epibiotic, epibenthic or endoben-

thic, and they form significantly distinct assemblages

from that found on ambient substrata (Suchanek 1992;

Thiel & Ullrich 2002; Buschbaum et al. 2009). On some

rocky intertidal shores, for instance, there can be high

redundancy of species hosted by different bioengineers

(mussels versus algal turfs) in the same site (Kelaher et al.

2007b), or by the same bioengineer mussel in different

sites (Lee & Castilla 2012). On other shores, different

mussel species can host somewhat different fauna, but the

abundance and biomass of this fauna is independent of

mussel identity or bed structure (e.g. Hammond & Grif-

fiths 2006). However, the same intertidal mussel can host

different fauna in beds assembled on rocky versus soft

bottoms as these substrates are functionally different in

terms of the resources that they provide (Thiel & Ullrich

2002). In addition, while mussel beds on rocky shores

usually host much higher species richness than surround-

ing substrata, comparisons among soft-bottom beds from

several regions (North Sea, Yellow Sea, Southern Chile

and Australia) showed that the faunal richness on soft-

bottom beds is often similar or even lower than outside

the bed (Thiel & Ullrich 2002). However, at each of the

four locations there was a markedly different species

composition (see Buschbaum et al. 2009 and references

therein). These findings suggest that faunal species rich-

ness in mussel beds can be subject to multiple controls

that involve both environmental and local factors. In

addition, these results highlight the importance of bioen-

gineering itself over bioengineer identity in determining

the composition of faunal assemblages. Indeed, key fac-

tors such as exploitation and mesoscale variation in

upwelling can strongly affect the structure of mussel beds.

However, these factors have little or no impact on faunal

composition, which instead, shows clear correspondence

with regional and biogeographic patterns (Hammond &

Griffiths 2006; Cole & McQuaid 2010).

Mussels thus provide their associated fauna with a suite

of microenvironments, which constitute a relatively stable

and homogenous habitat that is available at large scales

(see Hammond & Griffiths 2006). Additionally, because

of the stability and scale of this system, it is a suitable

model to assess the effects of large-scale environmental

gradients and/or biogeographic processes. Such analyses

are so far scarce and are mostly restricted to inter-tidal

systems. This motivated us to conduct the first large-scale

survey of subtidal populations of the ribbed mussel Au-

lacomya atra (Molina) along the coast of South America

with the aim of characterizing their beds and their associ-

ated fauna in a biogeographic context.

The ribbed mussel A. atra

Subtidal mussels have been an important food source for

humans in South America since the Holocene (Carranza

et al. 2009), but the beds of these organisms and their

associated fauna have not been studied in depth. The

genus Aulacomya originated during the Paleogene, and

South American fossils of A. atra date back to the Pleisto-

cene (~2 mya; Castilla & Gui~nez 2000); this suggests that

this mussel is a resilient component of the southern biota

as it has overcome Quaternary fluctuations (Camus 2001;

Thiel et al. 2007; Gordillo et al. 2008). The ribbed mussel

has a disjointed distribution in the Southern Hemisphere,

including Southern Africa (Castilla & Gui~nez 2000; Ham-

mond & Griffiths 2006), the Falkland (Malvinas) Islands

and Southern South America where it ranges from Central

Peru (Chimbote, ~9°S; Southeast Pacific) to Southern Bra-

zil (more likely to Uruguay: La Coronilla, ~34°S; South-
west Atlantic) (Osorio et al. 1979; Castilla & Gui~nez 2000;

Lancellotti & V�asquez 2000; Scarabino & Ortega 2004).

The ribbed mussel occurs mainly in shallow habitats

(~0–25 m depth, with records of >100 m; Moreno & Moli-

net 2013) on both hard substrata and coarse-grained sedi-

ments. Furthermore, because of its large size (>155 mm

length), this mussel has been intensely exploited through-

out most of its range. Such apparently high resilience

may be due to several life-history characteristics of this

organism, including the ability to maintain positive growth

using ambient suspended organic matter (Stuart et al.

1982), its extended breeding period and rapid gonad

regeneration (Griffiths 1977), the dependence of reproduc-

tion upon food availability rather than on temperature

(Jaramillo & Navarro 1995) and the high dispersal and fix-

ation abilities of its larvae (Uribe & L�opez 1980). This
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latter characteristic is reflected, for instance, in the high

gene flow and genetic similarity (95%) among its popula-

tions in Southern Chile (Mena et al. 2001).

By retaining sediments and shell fragments from live

and dead mussels (Zaixso 2004; Thiel et al. 2007) and by

attaining fecal production that may reach energy outputs

equivalent to 90% of macroalgal production (Stuart et al.

1982), ribbed mussel beds represent a unique habitat that

provides faunal assemblages with an abundant supply of

organic matter and substrata. However, the bioceanic

occurrence of ribbed mussels ranges from subtropical to

subantarctic areas, and the increasing knowledge of the

biogeography of South America suggests there is little

likelihood that the effect of a homogeneous bioengineered

habitat on faunal composition may be overlaid on the

effect of large-scale factors, particularly when external

forcings are involved.

Biogeography of South America: oceanographic patterns

and transitions

Recent studies about the biogeography and oceanography

of South American coasts have revealed the key roles

played by topography, nearshore circulation and upwelling

in nutrient enrichment, dispersal and recruitment patterns,

which are processes that can now be better understood,

particularly on mesoscales (Lagos et al. 2007; review by

Thiel et al. 2007). On larger scales, in mid–low latitudes,

the importance of physical-biological couplings and their

relationship with inter-annual variation and remote equa-

torial forcing have been well established (Takesue et al.

2004; Thiel et al. 2007; Camus 2008). Additionally, in

mid–high latitudes, the importance of the Antarctic Cir-

cumpolar Current (ACC) and its interaction with physical

geography and basin-scale processes has been studied in

depth (Ahumada et al. 2000; Camus 2001; Arhan et al.

2002; Thompson & Alder 2005; Sassi & Palma 2006; Thiel

et al. 2007; Balech & Ehrlich 2008; Gat�ıca et al. 2009). The

Southern Cone is dominated by cold flows derived from

the ACC. This movement of water reaches the Pacific coast

at ~41°S and branches into the equatorward Humboldt

Current extending up to ~5°S. The poleward Cape Horn

Current then turns northeastwards to form the equator-

ward Falkland (Malvinas) Current in the Atlantic, which

collides with the warm poleward Brazilian current around

~38–40°S. In addition, the Pacific–Atlantic connection

through the Strait of Magellan and the resulting equator-

ward Patagonian current (~52.5–38°S) in the Atlantic (Pi-

ola & Rivas 1997; Sassi & Palma 2006) most likely also

play important roles that remain understudied (Sielfeld &

Vargas 1999; Gordillo et al. 2008).

The major biogeographic features along Southern

South America appear to be closely linked to prominent

physical features, which suggests that they are stronger

determinants than previously thought. Along the Chilean

coast, for instance, recent analyses (Hormazabal et al.

2004) have detected a mesoscale oceanographic transition

between regions of low and high eddy kinetic energy

located north and south of ~30°S, respectively. Further-
more, it has been shown that these are coincident with

changes in mesoscale upwelling regimes and a break

between offshore versus coastal productivity (Thiel et al.

2007). The biogeographic role of such transitions (e.g. as

a barrier to larval transport and dispersal) is increasingly

being acknowledged and may help to explain the marked

breaks in species richness and distribution as shown by

widely different taxa, from littoral benthic groups with

high endemism levels at 30°S to the cephalopod fauna

formed entirely by non-endemic, wide-ranging, and

mostly eurithermic species (Thiel et al. 2007; Ib�a~nez et al.

2009). The importance of such factors suggests that the

diversity patterns of faunal assemblages inside ribbed

mussel beds should be similarly affected on a large scale.

Biogeographic patterns

As recent advances shed new light on the biogeographic

processes and units along Southern South American

coasts, the traditionally identified provinces remain con-

gruent for many different taxa (Fern�andez et al. 2000;

Camus 2001; Mart�ınez & del R�ıo 2002; Thiel et al. 2007;

Balech & Ehrlich 2008). However, one must acknowledge

discrepancies related to the idiosyncratic histories of par-

ticular taxa and species (e.g. Gonz�alez & Moreno 2005;

Haussermann & Forsterra 2005; C�ardenas et al. 2009;

S�anchez et al. 2011; Sep�ulveda & Ib�a~nez 2012). For lit-

toral benthic organisms in particular, the main biogeo-

graphic units (using their most frequent names in the

literature) recognized so far (but see Briggs & Bowen

2012 for fishes) are, from west to east (see Fig. 1): (i) the

warm-temperate Peruvian Province ranging from North-

ern Peru (~5–6°S) to North-Central Chile (~30–33°S);
(ii) a transitional, biogeographically heterogeneous area

from ~30–33°S to Chilo�e Island (~42°S; but see Lance-

llotti & V�asquez 1999; Haussermann & Forsterra 2009);

(iii) the cold-temperate Magellanic Province, usually

encompassing the South American cone from ~42°S
(Southern Chile) to the Valdes Peninsula (~42.5°S,
Southern Argentina); (iv) the Argentinean Province from

42.5°S to Santa Catarina (~28°S, Southern Brazil), a

rather transitional area characterized by the overlap of

subantarctic and subtropical components; and (v) the

warm Brazilian Province, from 28°S to the Amazon riv-

er’s mouth at the equator. Noteworthily, most provincial

transitions appear to be associated with major oceanic

and hydrologic features that are apparently related to
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boundary currents and oceanic gyres. This highlights the

latitudinal symmetry of the eastern and western coasts of

the northern ends of the Magellanic Province. In addi-

tion, recent studies have noted the impact of different

historical events, occurring from the late Tertiary to the

early Holocene, on traditional biogeographic discontinu-

ances along the Chilean coast. They have shown that

many common taxa are marked by phylogeographic and/

or distribution breaks despite the absence of major dis-

persal barriers (see Thiel et al. 2007; Haye et al. 2014,

and references therein).

In such a context, this study was aimed at assessing the

geographic variation of ribbed mussel beds and the diver-

sity patterns of their macrofaunal assemblages along the

Southern South American coast between Southern Peru

and Southern Argentina, encompassing most of the

Pacific–Atlantic range of the species. In particular, we

examined the relationship between faunal species compo-

sition and biogeographic zonation in Southern South

America, considering the role of ribbed mussels as a bio-

engineered habitat.

Material and Methods

Study area and sample collection

During the austral summer of 2007 and 2008, we sam-

pled 10 natural populations of the ribbed mussel A. atra

from shallow subtidal sites along the Southeastern

Pacific and Southwestern Atlantic coasts of Southern

South America (Fig. 1), from west to east: (i) Peru: Ilo

(17°400S, 71°250W); (ii) Chile: Iquique (21°190S,
70°050W), Antofagasta (23°450S, 70°280W), Coquimbo

(29°570S, 71°220W), Valpara�ıso (33°020S, 71°370W), Val-

divia (39°460S, 73°180W), Melinka (43°540S, 73°450W),

Punta Arenas (54°010S, 71°150W); (iii) Argentina: Puerto

Madryn (42°460S, 64°560W), San Antonio Oeste (41°340S,
64°580W). Particularly in Chile, the selection of mussel

beds was made to avoid the inclusion of stock-enhanced

or re-introduced populations resulting from recent man-

agement actions triggered by the intense exploitation of

A. atra in some areas (Jerez & Figueroa 2008).

All sampled mussel beds were located between 8 and

25 m in depth on rocky substrates embedded in fine- and

medium-grain sandy matrices. Similar studies on mussel

species smaller than A. atra (Tsuchiya & Nishihira 1985;

Thiel & Ullrich 2002; Buschbaum et al. 2009) have deter-

mined that sampling units between 50 and 200 cm2 in

area were appropriate for estimating faunal diversity.

However, the total length of adult ribbed mussels may

often have a modal size close to 70 or 80 mm, and there-

fore we used a larger sampling unit (400 cm2) in order to

minimize sampling biases. In each locality, five 20 9 20-

cm quadrats were randomly placed on a ribbed mussel

bed, and mussel clumps were removed from each quad-

rat, fixed in a 4% formaldehyde solution and later pre-

served in a 70% ethanol solution. In the laboratory, each

quadrat sample was disaggregated over a white tray. We

then measured the maximum length (�1 mm) of the

mussels and sorted all macrofaunal individuals >0.5 mm

length, which were counted and identified to the species

level. Counts considered only individual organisms,

excluding colonial groups and inter-connected individuals

such as Porifera, Hydrozoa and Bryozoa. At the time of

sampling, however, the coasts of two Chilean sites (Co-

quimbo and Valpara�ıso) had recently undergone an

intense episodic exploitation by artisanal fishermen (see

Discussion), causing a drastic reduction in the density

and spatial coverage of ribbed mussels. As a side effect,

the fauna remaining in the extant beds was extremely

depauperate and provided highly deficient data, which

Fig. 1. Scheme of the main biogeographic units (delimited by +),

coastal circulation patterns (filled arrows) and sample sites (filled

circles) of natural populations of ribbed mussel beds of Aulacomya

atra along South American coasts. Provinces: PP, Peruvian Province;

TA, Transitional Area; MP, Magellanic Province; AP, Argentinean

Province; BP, Brazilian Province. Currents: WWD, West Wind Drift; O-

HC, Oceanic Humboldt Current; C-HC, Coastal Humboldt Current;

CHC, Cape Horn Current; CCC, Coastal Counter Current; FC,

Falkland (Malvinas) Current; BCC, Brazilian Counter Current.

Localities: ILO, Ilo, Peru; IQU, Iquique; ANT, Antofagasta; COQ,

Coquimbo; VAP, Valpara�ıso; VAL, Valdivia; MEL, Melinka; PAR, Punta

Arenas, Chile; MAD, Puerto Madryn; SAO, San Antonio Oeste,

Argentina.
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forced us to exclude these two sites from further analysis

in order to avoid artifacts.

Data analyses

The size (maximum length) and density (individu-

als � 0.04 m�2) of ribbed mussels, as well as the species

richness (number of species) and abundance (number of

individuals) of their associated fauna were compared

among sites using a one-way permutational analysis of var-

iance (PERMANOVA) with an unrestricted permutation of

the Euclidean distance matrices of the raw data (Anderson

et al. 2008). The association of latitude with mussel size,

mussel density, and species richness and abundance was

evaluated using Spearman rank correlations (rS).

The geographic variation of faunal assemblages associ-

ated with ribbed mussel beds was assessed through cluster

analysis using the unweighted pair group method with

arithmetic mean (UPGMA) algorithm (Quinn & Keough

2002). The analyses were performed both on a presence-

absence matrix using the Jaccard similarity index and on

an abundance matrix using the Bray–Curtis similarity

index. For the abundance matrix, the data were log-trans-

formed due to the high dispersion of values. Significant

clusters were identified by conducting a similarity profile

test (SIMPROF) using 10,000 permutations. In addition,

a one-way PERMANOVA was used to test for differences

in the community structure among biogeographic regions

for the presence-absence and log-transformed abundance

data matrices (Anderson et al. 2008). Finally, our field

data included several single-site records, but the lack of

information for this fauna prevented us from knowing

whether these records corresponded to short-range (i.e.

endemic) or undersampled species. Single records may

introduce non-random biases across space (Valentine

et al. 2002) or lead to the overestimation of composi-

tional differences among sites. Therefore, singletons were

removed from the cluster analyses in order to avoid

biased results. All probability values (Pperm) of significant

model fits were derived from a pseudo-F distribution cal-

culated using 10,000 permutations of the original data

set; when the simulated permutations were <1000, the

probability value was obtained by Monte-Carlo simula-

tions (PMC). All analyses were performed using PERMA-

NOVA+ for the PRIMER statistical package (Clarke &

Gorley 2006; Anderson et al. 2008).

Results

Size and density of ribbed mussels

The mean size (mm) of the mussels (Fig. 2A) was signifi-

cantly different among sites (Table 1a), varying (mean�SD)

from 36.81 � 17.49 in Ilo to 117.07 � 21.33 in Punta

Arenas, with an overall mean of 66.79 � 6.76 (�SE). The

density (individuals � 0.04 m�2) of ribbed mussels (Fig. 2B)

was highly variable and also differed significantly among

sites (Table 1b), ranging (mean�SD) from 1.20 � 0.45 in

Coquimbo to 77.33 � 46.36 in Ilo, with an overall

mean local density (n = 10 populations) of 22.57 � 7.29

(�SE). Latitude was not significantly associated with mussel

size (rS = 0.08, n = 10, P = 0.830) or with density

A B

C D
Fig. 2. Population characteristics of the

ribbed mussel beds of Aulacomya atra and

community variables for their associated

fauna. (A): Size (maximum length; mean�1

SD) and (B): density (individuals � 0.04 m�2;

mean � 1 SD) of ribbed mussels beds. (C):

Species richness (number of species; mean�1

SD) and (D): abundance (number of

individuals; mean � 1 SD) of associated

fauna of ribbed mussels in sampling sites

along the South American coast. For

abbreviations, see Fig. 1. Gray dotted lines

separate sites between oceans.
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(rS = �0.26, n = 10, P = 0.47) of the mussels, although size

and density were negatively correlated (rS = �0.66, n = 10,

P = 0.038).

Along the geographic range of the ribbed mussel, pop-

ulation abundance was highest in the northernmost bed

in the Pacific (Ilo), lowest around the range center in the

Pacific (Coquimbo and Valpara�ıso, Central Chile), and

close to average in the Atlantic (San Antonio Oeste and

Puerto Madryn), although population abundance

remained below average in most sites. The geographic

distribution of abundance was clearly not normal and

there was no apparent trend (Fig. 2B).

Species richness and abundance of the associated fauna

Excluding the fauna associated with the mussel beds from

Coquimbo and Valparaiso, we found a total of 7795 indi-

viduals belonging to 197 species, 44 orders and 11 phyla.

Table 2 summarizes the taxonomic composition of faunal

assemblages at the phyla and order level, showing the

species richness of orders and their abundance at each

mussel bed.

Along the South American coast, the orders most rep-

resented in terms of number of species were Decapoda

(Arthropoda) and Aciculata (Annelida) with 27 and 21

species, respectively. Secondly, between 10 and 14 species

represented the orders Archaeogastropoda, Neoloricata

(Mollusca), Canalipalpata (Annelida), Amphipoda and

Isopoda (Arthropoda). The most abundant orders

among all of the sites were Aciculata (21.33%), Amphi-

poda (13.87%), Neotaeniglossa (10.98%) and Ophiurida

(10.12%). Particularly in the northernmost sites, there

were high abundances of Aciculata, Neotaenioglossa and

Ophiurida (i.e. Ilo, Iquique and Antofagasta); high

abundances of Aciculata and Amphipoda were also

found in Valdivia. Furthermore, the orders Arcoida,

Solemyoidea and Veneroidea (Mollusca) were highly rep-

resented in the Ilo site in comparison to the other sites;

moreover, the order Dentallida was only found in the

northernmost sample site. By contrast, these abundant

faunal components found in the northern sites had a

very low representation in the southern site of Punta

Arenas. However, other orders such as Neomeniamor-

pha, Myoida (Mollusca), Valvatida (Echinodermata) and

Terebratulida (Brachiopoda) were only present in the

Punta Arenas site, but at low abundance. On the Atlan-

tic coast, low to medium abundances of Amphipoda,

Aciculata and Archaeogastropoda were found at Puerto

Madryn; nevertheless, the abundances of the most com-

mon groups in the Atlantic were less than 50% of those

reached in northernmost sites on the Pacific coast

(Table 2).

From the total of 197 species, 61 (31%) were recorded

only from a single site. Mussel beds along the Chilean

coast, particularly in Antofagasta, Iquique and Valdivia,

had higher species richness than those in Peru and

Argentina (Fig. 2C). Faunal abundance (total number of

individuals) was also higher in Antofagasta, Iquique and

Valdivia, while lower values were found in San Antonio

Oeste, Argentina, and Punta Arenas, Chile (Fig. 2). There

were significant differences among sites in both species

richness and abundance (Table 1c and d), but neither of

the two variables exhibited a significant linear latitudinal

trend (�0.14 ≤ rS ≤ �0.62, 0.10 ≤ P ≤ 0.75, n = 8). In

addition, the richness and abundance of the associated

fauna were positively correlated (rS = 0.76, P = 0.028,

n = 8), although neither of them showed a significant

association with the size or density of ribbed mussels

Table 1. Permutational analysis of variance outputs for ribbed mussels (mean size and density) and community (species richness and abundance)

variables among sites; and for the community structure [presence-absence (P/A), and log-transformed abundance data] among biogeographic

regions.

Variables source of variation SS df MS pseudo-F Pperm

(a) mussel size site 21,317 9 2369 15.227 <0.001

residual 6222 40 156

(b) mussel density site 18,529 9 2059 13.812 <0.001

residual 5963 40 149

(c) species richness site 5129 7 733 24.838 <0.001

residual 944 32 30

(d) abundance site 511,510 7 73,073 22.618 <0.001

residual 103,380 32 3231

(e) community structure (P/A) region 12,489 2 6245 2.849 0.026a

residual 10,958 5 2192

(f) community structure (log) region 11,715 2 5858 3.189 0.022a

residual 9184 5 1837

SS = Sum of squares; df = degree of freedom; MS = Mean squares.
a

Probability values were obtained through Monte-Carlo simulations.
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(�0.41 ≤ rS ≤ 0.50, 0.20 ≤ P ≤ 0.82, n = 8). Notewor-

thily Noteworthy, the three richest and most abundant

faunal assemblages occurred in beds of low or intermedi-

ate mussel density.

Biogeographic pattern of faunal assemblages

The cluster analyses (excluding Coquimbo and Valpa-

raiso) revealed a differential classification of the faunal

Table 2. Taxonomic composition (phyla, orders) of faunal assemblages associated with ribbed mussel beds in South America, indicating the total

number of species (S) per order, and the local and total (last column) abundance (number of individuals) per order and site. For abbreviations,

see Fig. 1.

phylum order S

Peruvian Province

Intermediate

areaa Magellanic Province

totalILO IQU ANT VAL MEL PAR MAD SAO

Cnidaria Actinaria 4 16 123 160 1 0 0 14 36 350

Nemertea Heteronemertea 2 0 0 3 16 1 11 16 0 47

Nematoda Enoplida 1 0 0 0 0 5 1 0 8 14

Mollusca Arcoida 2 112 24 12 0 0 0 0 0 148

Mytiloida 4 0 0 19 52 6 0 2 0 79

Solemyoida 1 13 1 1 0 0 0 0 0 15

Veneroida 8 38 6 14 21 1 4 0 0 84

Pholadomyoida 1 0 0 0 10 0 0 0 0 10

Myoida 1 0 0 0 0 0 1 0 0 1

Octopoda 1 0 0 0 0 0 0 0 1 1

Archaeogastropoda 12 8 13 163 8 98 5 120 12 427

Neotaenioglossa 8 272 106 230 78 154 1 7 8 856

Neogastropoda 9 67 58 146 26 76 8 0 1 382

Patellogastropoda 3 0 0 4 1 9 2 7 0 23

Nudibranchia 3 0 0 0 0 11 1 1 0 13

Neoloricata 11 5 52 4 8 33 11 2 3 118

Dentallida 1 8 0 0 0 0 0 0 0 8

Neomeniamorpha 2 0 0 0 0 0 5 1 1 7

Sipunculida Golfingiaformes 1 0 0 0 4 1 0 0 0 5

Echiura Echiuroinea 1 0 0 0 0 0 0 0 1 1

Annelida Aciculata 21 95 483 256 449 117 92 148 23 1663

Canalipalpata 12 42 82 58 228 57 9 45 3 524

Scolecida 3 0 8 91 1 1 1 4 1 107

Arthropoda Pycnogonomorpha 2 0 0 0 67 0 0 5 1 73

Nymphomorpha 1 0 0 0 0 1 1 0 0 2

Insecta indet. 1 0 0 0 0 0 1 0 0 1

Brachypoda 1 0 1 0 1 0 0 0 0 2

Sessilia 1 14 13 61 125 1 0 0 0 214

Ostracoda indet. 2 1 1 4 1 1 2 2 0 12

Decapoda 27 15 37 56 21 9 2 68 15 223

Amphipoda 14 27 217 123 482 7 11 184 30 1081

Isopoda 10 5 2 2 28 2 1 31 6 77

Tanaidacea 2 0 0 1 4 22 0 114 2 143

Echinodermata Valvatida 1 0 0 0 0 0 1 0 0 1

Spinulosida 2 1 4 5 1 0 8 0 1 20

Forcipulatida 4 0 1 1 0 0 13 5 2 22

Ophiurida 3 245 258 187 25 17 33 14 10 789

Arbacioida 2 1 5 37 0 40 0 24 11 118

Echinoida 2 0 0 0 7 9 10 21 1 48

Dendrochirotida 2 0 4 0 3 0 1 0 0 8

Brachiopoda Acrotretida 1 0 8 9 4 0 0 0 0 21

Terebratulida 1 0 0 0 0 0 1 0 0 1

Chordata Enterogona 3 0 0 0 14 0 1 3 4 22

Pleurogona 3 0 0 0 30 0 1 0 3 34

a

See also Lancellotti & V�asquez (1999), Camus (2001) and Haussermann & Forsterra (2009) for variations in the biogeographic boundaries.
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assemblages along the geographic distribution of the

ribbed mussel (Fig. 3). The results based on presence-

absence data showed three clusters differentiating among

Northern Pacific and Southern Pacific sites, and these

latter differed from the Atlantic site (Fig. 3A): (i) Ilo,

Iquique and Antofagasta, in Peru to Northern Chile (sim-

ilarity: 45.0%); (ii) Valdivia and Melinka (31.4%), con-

necting Southern and Austral Chile; and (iii) San

Antonio Oeste and Puerto Madryn (45.3%), in Southern

Argentina. Punta Arenas, in Austral Chile, was not classi-

fied with any of the other sites although it was more sim-

ilar to Pacific than Atlantic sites. The analysis showed

significant differences in the presence-absence matrices of

the faunal community structure among biogeographic

regions (Table 1e). The results based on abundance data

showed a similar pattern, identifying three clusters with

minor differences in some sites (Fig. 3B): (i) Ilo, Iquique

and Antofagasta (similarity: 54.2%), in Peru–Northern

Chile; (ii) Melinka and Punta Arenas (30.7%), in Austral

Chile; and (iii) San Antonio Oeste and Puerto Madryn

(50.6%), in Argentina. In this case, Valdivia was not clas-

sified with any of the other sites although it appeared to

be more similar to northern sites. The analysis showed

significant differences in the log-abundance matrices of

the faunal community structure among biogeographic

regions (Table 1f).

The presence-absence and abundance results both had

a similar basic structure. However, they differed in the

clustering of Punta Arenas and Valdivia with other Pacific

sites. These differences in clustering may underlie some

real biogeographic distinctions, but they could also be an

artifact due to the exclusion of Coquimbo (30°S) and

Valpara�ıso (33°S) that are located in central Chile. These

two sites usually indicate the southern end of the Peru-

vian province and the beginning of a transition zone

reaching the northern end of the Magellanic province at

41–42°S, near the Valdivia site (40°S). Given the absence

of Central Chilean sites, Valdivia thus showed a higher

compositional affinity to Melinka (44°S) than with the

northernmost sites. Seemingly, the high variability of

abundance data has forced Valdivia to appear more simi-

lar to northern than to austral sites although it is not dis-

tinct enough to form a significant cluster. Valdivia was

also the site with the highest faunal richness, which could

have an additional effect owing to the proportional aver-

aging of distances (weighted by the number of species in

clusters) performed by UPGMA. Independent of these

related effects, in the case of Punta Arenas (with the low-

est faunal richness in Chile), the fact that this site formed

an isolated cluster in the presence-absence results could

be due to either the absence of sample sites south of Me-

linka, or to the existence of a secondary biogeographic

unit (see Discussion). Nonetheless, even considering the

above-described limitations, the two analyses were robust

in revealing a large dissimilarity (≥90%) between the

Pacific and Atlantic assemblages and a clear faunal differ-

entiation along the Southeastern Pacific, which separates

at least two groups of distinct assemblages in Peru–
Northern Chile and South–Austral Chile.

Discussion

Diversity of faunal assemblages: biogeography versus

bioengineering

Faunal assemblages associated with A. atra exhibited high

taxonomic diversity, and their species richness and abun-

dance varied independently of the size and density of

mussels although the latter differed significantly among

localities. These findings suggest that, except in extreme

cases (e.g. the beds were defaunated by harvesting in

A

B

Fig. 3. Classification analyses (unweighted pair group method with

arithmetic mean algorithm) of faunal assemblages associated with

ribbed mussel (Aulacomya atra) beds. (A): Presence-absence data, using

Jaccard similarity index. (B): Log-abundance data, using the Bray–Curtis

similarity index. Dashed lines indicate non-significant clusters resulting

from a similarity profile test (SIMPROF). For abbreviations, see Fig. 1.
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Coquimbo and Valpara�ıso), faunal assemblages may be

highly resilient to the impacts of recurrent disturbances

such as harvesting and El Ni~no Southern Oscillation. Fur-

thermore, the positive correlation between faunal richness

and abundance indicates that few species attain domi-

nance in these assemblages, and disturbances may be

responsible for maintaining or enhancing their diversity.

The faunal richness of South American ribbed mussel

beds (local range: 41–76, total: 197) is comparable to that

recorded in their South African counterparts (Griffiths

et al. 1992), and ranks high in comparison with other

mussel species (see Thiel & Ullrich 2002; Hammond &

Griffiths 2006; Buschbaum et al. 2009). However, the

numerous single-site records in this first survey suggest

that species richness was underestimated (Lancellotti &

V�asquez 2000), and therefore faunal diversity could be

characteristically high in ribbed mussel beds.

Along the Southeastern Pacific, faunal assemblages

showed relatively high turnover rates. The fauna found

also showed marked differences between the northern

area (Peru + Northern Chile) and Southern Chile. These

differences reflect the long-established Peruvian and Mag-

ellanic provinces (see Fern�andez et al. 2000; Camus 2001;

Thiel et al. 2007), although the gap in our analyses pre-

vented us from examining the transition between the two

areas. Thus, in agreement with prior studies (e.g. Ham-

mond & Griffiths 2006; Cole & McQuaid 2010), our

results show that the mussel-associated fauna from differ-

ent regions is highly sensitive to biogeographic signals

and follows the characteristic provincial pattern docu-

mented for each region. Furthermore, it is noted that

these differences occur despite the fact that the associated

invertebrates make use of similar bioengineered habitat

throughout their geographic ranges. These results also

imply that faunal biogeographic patterns may be decou-

pled from large-scale environmental gradients. In addi-

tion, faunal distributions are not dependent upon the

structure of the mussel beds as the relationship of faunal

richness with faunal and mussel abundance was respec-

tively positive and null in South America but negative in

South Africa (Hammond & Griffiths 2006). The above

suggests a superimposition of biogeographic factors on

ecological patterns, and at least for the Southeastern Paci-

fic we speculate that such factors could be related to

external physical forcing that could be inducing marked

distribution breaks on the Chilean coast at 30°S and 33°S
(see Thiel et al. 2007).

The presence-absence data also showed the unique char-

acteristics of the faunal assemblage of Punta Arenas (54°S).
This site is located in the Strait of Magellan where prior

works have detected the endpoint of the latitudinal distri-

bution of diverse taxa. These range limits have been inter-

preted as due to internal biogeographic differentiation

of the Magellanic province (see discussions by Sielfeld &

Vargas 1999; Lancellotti & V�asquez 2000; Camus 2001;

Haussermann & Forsterra 2009). Shallow subtidal habitats

in the Strait are dominated by low-salinity surface waters,

which flow from the central part of the Strait to both the

Pacific and Atlantic (Sievers & Silva 2006). However, the

strong influence of winds and tides generates a net trans-

port of low-salinity water towards the Atlantic continental

shelf at 52.5°S (Sassi & Palma 2006). This, coupled with

advection and diffusion, promotes a northward flow (the

so-called Patagonian current), which moves along the coast

until 47°S, although it also continues offshore as far as

38°S (Piola & Rivas 1997). The Strait may therefore play a

twofold role by acting as (i) an effective barrier to the lati-

tudinal spread of species and (ii) an inter-oceanic connec-

tion favoring the eastward dispersal of species from the

Pacific. If the Strait does indeed act as a barrier, this might

partly explain the peculiarity of Punta Arenas. Further-

more, the Strait acting as a connection between oceans sug-

gests that faunal assemblages along the Strait, and to some

extent north of its Atlantic entrance, might not show major

compositional differences. In this context, the beds of San

Antonio Oeste and Puerto Madryn, far north of the Strait,

are located at two gulfs surrounding the Valdes Peninsula

(~42.5°S), which is an area of biogeographic turnover that

usually defines the northern limit of the Magellanic prov-

ince for non-pelagic taxa (Balech & Ehrlich 2008). Thus,

the distinctiveness of these faunal assemblages in our

analyses could be due to the loss of Magellanic components

and the addition of species from the Northern Argentinean

province. This explanation would allow them to have a

mixed character, which is reflected in our finding that their

similarity did not exceed 50% despite that they are just 12

latitude minutes apart.

While A. atra is considered to be a common compo-

nent of the Patagonian region in Chile and Argentina, lit-

tle is known about its occurrence south of the Strait of

Magellan in the Tierra del Fuego archipelago. This leaves

an important question unanswered regarding the biogeo-

graphic homogeneity of the faunal assemblages of this

species throughout the Magellanic province. The repeated

effects of Quaternary glaciations in Austral South Amer-

ica disconnected the Pacific and Atlantic Oceans. This led

to the eventual removal of significant components of the

marine fauna although common cold-temperate bivalves

such as Venus antiqua and Ensis macha, which are ecolog-

ically comparable to A. atra, exhibit similar present and

past distribution ranges (Gordillo et al. 2008). The stabil-

ity in bivalve ranges could be explained in three ways, by

potential recolonization from populations that survived

in marine refuges during Pleistocene glaciations, by mid-

Holocene immigrations from the Pacific via the Beagle

Channel after the last deglaciation (Gordillo et al. 2008)
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or through immigration via the Magellan Strait. In all

scenarios, the ribbed mussel would also have been present

during the post-glacial reassembly of mollusk communi-

ties in the Beagle Channel (Gordillo et al. 2008), and

since then the ecological and climatic conditions in the

area have remained quite stable (Gordillo 1999). In addi-

tion, the Atlantic and the Magellanic province mollusk

faunas have not shown significant changes since at least

the late Pleistocene. Furthermore, the ribbed mussel has

been a characteristic species of the marine Quaternary in

Patagonia (Aguirre 2003). However, the reassembly of the

associated fauna may not have followed a similar pattern,

and it is possible that these assemblages are not the same

north and south of the Strait of Magellan.

Density and size of ribbed mussels

The population density of the ribbed mussel A. atra was

found to be highly heterogeneous throughout its range.

Although this study was not designed to test hypotheses

on geographic abundance patterns, the extent (17–54°S)
of our survey around the latitudinal midpoint (~33°S) of

A. atra’s range allows us to conclude that the observed

pattern does not fit the traditional abundant-center

model (Brown 1984), which predicts decreasing abun-

dance toward range edges. While deviations from this

model are not unusual in coastal marine invertebrates

(e.g. Sagarin & Gaines 2002; Mieszkowska & Lundquist

2011), we acknowledge that our survey may include

potential biases that should be corrected by sampling a

greater number of more evenly spaced sites. However, it

seems unlikely that new sampling would unveil a previ-

ously undetected center of abundance. Numerous official

surveys of benthic resources have consistently shown the

low overall abundance of the ribbed mussel on the Chil-

ean coast (e.g. Galleguillos et al. 2002; Stotz et al. 2007).

Conversely, we recorded a comparatively higher abun-

dance of A. atra at the sites at the extreme ends of our

survey. However, it should be noted that we did not sam-

ple the species’ range edges, and our data cannot be used

to support or reject alternative patterns such as ramped-

north or abundant-edge (see Sagarin & Gaines 2002).

The historical data for A. atra are not sufficient to

infer past geographic trends in abundance. We suggest

that any early observed pattern had to have been super-

seded by the interaction among at least three factors of

natural and anthropogenic origin. First, El Ni~no events

are well known to cause mass mortality of ribbed mussels

in Peru and Northern Chile, which leads to either drastic

decreases in abundance or local extinctions (Gamarra &

Cornejo 2002; Laudien et al. 2007; Thiel et al. 2007;

Thatje et al. 2008). Such El Ni~no perturbations can

indeed produce long-lasting or even permanent effects on

regional patterns of local abundance and site occupancy

(Castilla & Camus 1992; Thiel et al. 2007; Camus 2008).

Second, at least in some areas in Northern Chile, the

absence or reduction of mussel beds is likely a conse-

quence of limited larval supply (Thiel et al. 2007), and it

is noted that both larval supply and recruitment can be

highly affected by El Ni~no or La Ni~na events (Gamarra &

Cornejo 2002; Thatje et al. 2008). The third and by far

most important factor is exploitation, which may in turn

interact with El Ni~no events with unpredictable conse-

quences on large-scale patterns (e.g. Castilla & Camus

1992). In Peru, Chile and Argentina, ribbed mussels have

been harvested by coastal gatherers since at least the mid-

Holocene. They continue to be heavily exploited through-

out the whole distribution range (e.g. Ciocco et al. 1998;

Bonavia et al. 2001; Laudien et al. 2007; Torres et al.

2007; Jerez & Figueroa 2008; Castro et al. 2011), and

there are evident signs of overexploitation in Peru and

Chile (Carranza et al. 2009). In exceptional cases, size-

selective harvesting might even contribute indirectly to

causing a biased abundant-centered distribution of indi-

viduals by increasing the density of small individuals at

the range center (e.g. in Lottia gigantea; Fenberg & Rivad-

eneira 2011). However, ribbed mussels are not always

harvested in accordance with the minimum legal sizes

(Carranza et al. 2009). In addition, the short-term deple-

tion of our sampled populations in Coquimbo and Val-

para�ıso, although not usual, is an example of the

potential role of harvesting in preventing the formation

(or explaining the absence) of a center of abundance.

Exploitation also seems to be an important factor affect-

ing mussel fauna especially given the size variation of the

mussels. The smallest and largest mussel sizes occurred at

the lowest (Ilo) and highest (Punta Arenas) latitudes,

respectively. As such, there is (Fig. 2A) an apparent (non-

significant) latitudinal trend, which, albeit suggestive, has

no relationship with the rules of ecogeography or tempera-

ture–size relationships (Karl & Fischer 2008). The average

size in Ilo (<40 mm) was much smaller than in other pop-

ulations in the same area (around 70 mm; IMARPE 2007).

Furthermore, this bed had the highest faunal density in

our survey, which suggests that it was subject to intense

exploitation. By contrast, the large size of mussels in Punta

Arenas (~120 mm) may reflect a low exploitation level

due to the relative isolation of this bed, which is located

away from areas that are recurrently exploited by gatherers

and where ribbed mussels have been shown to occur in

low frequencies (R�ıos et al. 2003). Evidence of harvesting

was also apparent in most of the Pacific beds. This is most

visible in the depleted areas of Coquimbo and Valparaiso,

which have right-skewed size distributions in comparison

with the large variance of some of the Chilean beds, or

others that showed no major differences in respect to the
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overall size average. However, the example of Punta Are-

nas (large size versus low density) also highlights the role

of compensation effects. We suggest that the observed geo-

graphic correlation between mussel size and density might

involve an interaction between size-selective harvesting

and self-thinning processes (Hughes & Griffiths 1988;

Gui~nez & Castilla 1999; Carranza et al. 2009). Unfortu-

nately, the poor knowledge of the ecology of A. atra in

South America prevents further insights regarding the

influence of other factors on mussel beds in this region.

While many other things are known to affect mussel beds

(e.g. physical disturbance, predation, inter-specific compe-

tition; Noda 1999; Hamilton 2000; Thiel & Ullrich 2002;

Navarrete et al. 2010), with the currently available data it

is only possible to discuss the unpredictable changes in size

structure caused by mass mortalities and recruitment fail-

ures during strong El Ni~no events in Peru and Northern

Chile (Gamarra & Cornejo 2002; Carranza et al. 2009).

Even with this lack of data, nonetheless, we conclude

that ribbed mussel beds show no sign of any prior histori-

cal patterns that might affect size or density, but rather,

these seem to be largely controlled by contemporary fac-

tors operating on ecological time scales. By contrast, by

providing a suitable habitat for macrofaunal organisms on

a large scale, A. atra contributes to the enhancement of

local diversity and allows for the assembly of distinctive

fauna. However, bioengineering of A. atra seems to play

no role in the biogeographic variation of its faunal assem-

blages, which apparently respond to the same factors

affecting other organisms inhabiting ambient substrata.
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