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ABSTRACT

The biological diversity of the Chilean marine ecosystem (CME) has recently become an issue of interest to Chilean
scientists and authorities concerned about the impact of human activities and ongoing climate change on the structure,
functioning, and sustainable use of this large marine region, recognized as one of the most productive ecosystems of
theworld’sis oceans. In this paper, the available information is examined in order to describe the major environmental
characteristics of the CME and its associated flora and fauna, both in the benthic and pelagic systems, with the main
goal of identifying environmental discontinuities and boundaries which may serve to define biogeographical units and
characterize their biodiversity patterns. Physical and chemica processes are also described. In the pelagic system,
three major regions may beidentified: (1) the Northern Upwelling Region (18°-30° S), (2) the Central/Southern Upwelling
Region (30°-42° S), and (3) the Austral Fjords Region (42°-55°S). These could be defined as biogeographical units,
though biodiversity patterns may still require further analyses. For the benthic system, two major provinces are distin-
guished: the Peru-Chile province (from Paita in Peru to Valparaiso in Chile) and the Magellanic province (Chiloé
Island to Cape Horn). A clear transition zone at about 30°S has also been described. The limits of these biogeographi-
cal regions, however, are not fixed and may vary seasonally and interannually. Diversity patterns, as well as dominant
and key species inhabiting these biogeographic compartments, are described on the basis of the available data. The
studies now required to obtain better information to describe diversity and to identify the underlying processes are
stressed, as well as the needs for initiating large scale and long-term programs for monitoring species and processesin
the CME that may allow future analyses of diversity patterns along the Chilean coast for conservation purposes.

Kevyworps: Biodiversity, benthic, Chilean marine ecosystem, conservation, pelagic.

RESUMEN

Ladiversidad biol6gicadel ecosistemamarino de Chile (CME) esuntemadealtointerésparaloscientificosy autoridades
de Chile, dadala actua preocupacion por el impacto que las actividades humanas y los cambios climéticos pudieran
tener sobre la estructura, funcionamiento y sustentabilidad de la productividad de esta gran region marina, reconocida
como unadelas més productivas del océano mundial. En €l presente trabajo hemos examinado lainformacion disponible
con el objeto de describir las caracteristicas ambiental es mas importantes del CME, asi como su floray fauna, tanto en
el sistema bentdnico como pelégico, con una meta esencial dirigida a la identificacion de discontinuidades y barreras
ambientales, las cuales pueden servir paradefinir unidades biogeogréficas, y asi caracterizar patrones de biodiversidad.
Los principales procesos fisicos y quimicos también son descritos. En €l sistema pelgico identificamos tres regiones
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mayores. (1) Laregion norte de surgencia (18°-30° S), (2) Laregion centro/sur de surgencia (30°-42° S), y (3) Laregion
austral de fiordos (42°-55°S). Estas regiones podrian ser definidas como unidades biogeograficas, aunque sus patrones
de biodiversidad pueden alin necesitar andlisis adicionales. Para €l sistema bentdnico dos provincias mayores son
distinguibles: la provincia Perd-Chile (desde Paita en Perti aValparaiso en Chile), y la provincia Magallanica (Isla de
Chiloé a Cabo de Hornos). Unaclara zonade transicion arededor de los 30° S también hadescrito. Loslimitesde estas
regiones biogeograficas no son sin embargo fijos, y pueden variar estacionalmente y entre afios. Los patrones de
diversidad, asi como las especies dominantes y claves que habitan estos compartimentos biogeograficos son descritos
sobre la base de datos disponibles. Los estudios necesarios para obtener informacion maés robusta para describir la
diversidad y |os procesos que la sustentan son enfatizados, asi como la necesidad de iniciar programas de monitoreo y
procesos en e CME de gran escalay largo término, que puedan permitir futuros andlisis de patrones de biodiversidad
alo largo de la costa chilena para propdsitos de conservacion.

PaLABRAS cLAVES: Biodiversidad, sistema benténico, ecosistema marino de Chile, conservacion, sistema pelagico.

INTRODUCTION

Biological diversity has become an issue of world-
wide scientific interest in the last few decades, due
to the increasing threats on the survival of certain
living speciesand genetic variability (Purvis& Hec-
tor 2000). According to the 1993 Convention on
biological diversity (Glowka 1994), human activi-
ties are the major factors affecting the distribution
and abundance of living organisms, producing im-
portant effects on diversity at the genetic, species,
and ecosystem levels. Biological diversity may be
affected by the use and exploitation of biotic re-
sources, the loss and deterioration of habitats, pol-
lution, species invasion (Carlton & Geller 1993,
Kennedy et al. 2002), and the introduction of ex-
otic species (Bellorin & Oliveira 2001). Further
concerns have lately emerged from indications of
the ongoing global climate change which could have
unforeseen consequences by altering ecosystem
structure and functioning, and hence, speciesdiver-
sity on aworld scale (Globec Report 1999).

Marine ecosystemsarethelargest habitats subjected
tothreatsonbiological diversity. Theworld'soceans
are the main reservoir of carbon and their key role,
regulating the climate system, may strongly depend
upon biogeochemical cycling, which can be modu-
lated by the structure of the marine ecosystem. Yet,
our knowledge of biological diversity and natural
ecosystem functioning over large regions of the
world's oceans is poor (Longhurst 1998). Moreo-
ver, the effects of different types of human activity
on ecosystem dynamics and diversity have rarely
been quantified. The south-eastern Pecific Oceanis
not an exception to thisworldwide situation. In spite
of the existence of high quality information about

the critical factors affecting the dynamics of the
pelagic (e.g. Gonzédlez et al. 1998, Ulloaet al. 2001)
and benthic (e.g. Gallardo 1977, Castilla 1979,
Santelices 1980) marine communitiesof Chile, more
is urgently needed to fully understand one of the
most productive marine ecosystems in the world's
oceans (Mann & Lazier 1991). The large marine
ecosystem (sensu Sherman et al. 1995) of the south-
eastern Pacific Ocean sustains major pelagic and
benthic fisheries a ong the coast of Chile, an explo-
sion in the aguaculture industry (mostly non-native
species), and agrowing use of coastal areasfor dif-
ferent types of human activity. This increasing ex-
ploitation of the coastal ocean has not been accom-
panied by renewed efforts to increase our knowl-
edge of the diversity of the marine biota and the
identification of the processes maintaining diversity.
Most of what is known about |arge scal e patterns of
diversity in Chile is based largely on past research
expeditions along the coast and in offshore waters.
The compilation of this information has provided
basi ¢ taxonomic inventoriesin which many species
have been identified and listed (see Antezana &
Bahamonde 2002, Lancellotti & Vasguez 2000 for
historical reviews). More recent studies have mostly
focused on particular geographical areas, and in
many cases, on particular target species. Thus, the
biological communities of vast regions have not yet
received proper attention. Modern molecular tech-
niques for assessing biological diversity have been
little used, except for a few exploited or ecologi-
cally important species (Castilla et al. 2002). Fur-
thermore, the processes and mechanisms that help
maintain biological diversity inthisecosystem have
hardly been identified, and thus, are poorly under-
stood.
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The general goal of this review was to provide a
broad account of what is known and what is un-
known about the biological diversity of the Chilean
marine ecosystem (CME) focusing on: (1) existing
information that allows the description of diversity
patterns, (2) key processes that may maintain bio-

logical diversity inthislarge marine biome, and (3)
the urgent need to increase our knowledge of the
biodiversity of the south-eastern Pacific Ocean along
the coast of Chile, with the final aim of defining a
sound conservation plan for the CME. Both the
benthic and pelagic systems are discussed.

20" 5

Morthern Upwelling

ARICA

! ANTOFAGASTA

Region
province

30" 5=

Central/South

The Peri-Chile~"

CoOgQumng

Upwelling Region

40" 5=

Austral fjords

|
|
[
T
|
-

Region
L."-ll 5_
The Magellanic = - -
province
G 5
oW BIPW

Ficure 1. Biogeographical units of the Chilean marine ecosystem. The northern and central/southern upwellings and
austral fjord regions define zones separated by oceanographic discontinuities and distinct biological characteristics of
the pelagic system. The Peru-Chile and Magellanic provinces are suggested as biogeographical compartments for the

benthic system.

Ficura 1. Unidades biogeogréficas del ecosistema marino chileno. Las regiones norte, centro/sur, y austral de fiordos
definen zonas separadas por disconti nuidades oceanogréficasy caracteristicas biol égicasdistintivas del sistemapel &gico.
Las provincias Per(-Chile y Magallanica se sugieren como compartimentos biogeogréficos para el sistema bentdnico.
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THE PHYSICAL AND CHEMICAL CHARACTERISTICS OF THE
CME

The physical and chemical characteristics of the
coastal waters off Chile are extremely diverse due
totheinteraction of very distinct water masses. For
most purposes, four water masses can be distin-
guished: Subtropical Surface Water (STSW),
Subantarctic Water (SAW), Antarctic Intermediate
Water (AAIW), and Equatorial Subsurface Water
(ESSW) (reviewed by Strub et al. 1998). Wind-
driven coastal upwelling (between 18 and 40°S)
bringsthe ESSW to the surfacein the coastal zone,
causing apersistent shallow oxygen minimum zone
(OMZ) which, nearshore, can even be within the
euphotic layer (< 50 m) (Morales et al. 1996a).
The OMZ (< 0.5 ml O, L") is a feature of an
extensive part of the Chilean coast that raises
interesting questions about the biogeochemical
processes taking place within this suboxic
environment and therolethat it may play inlimiting
the vertical distribution and influencing the
adaptation of planktonic assemblages.

The Chilean coast is aligned roughly north-south
from 18° to about 55° S. The environment ranges
from subtropical in the north, to temperate at mid-
latitudes, and a fjords-subantarctic region in the
south. Bearing in mind the variable nature of
oceanographic boundaries in the ocean and,
considering as oceanographic discontinuities the
tropical convergence (ca. 30° S) and the division of
the West Wind Drift (WWD into the equatorward
Humboldt Current and the poleward Cape Horn
Current (about 40°-45° S), 3 regions of the pelagic
realm of the CME may be identified: (1)The
northern upwelling region (NUR), (2) the central/
south upwelling region (CSUR), and (3) the aus-
tral fjordsregion (AFR) (Fig.1).

The upwelling zones in the north (18° - 30° S) and
central/southern (30°- 45° S) regions are considered
to be among the most productive eastern boundary
systemsin the world (Walsh 1991, Mann & Lazier
1991). These 2 regions exhibit high interannual
variability caused by the ElI Nifio-Southern
Oscillation (ENSO) cycle. During the warm phases
of ENSO, i.e. El Nifio events, upwelling is very
much weaker, causing amajor reductionin primary
production (Barber & Chévez 1983) and adramatic
impoverishment of the whole marine ecosystem
(see review by Arntz & Farhbach 1996).

In the northern upwelling region (18°-30° S), most
biological production occurs close to the coast,
associated with a very narrow continental shelf.
However, thisnarrow band of water hasan extremely
high productive capacity which sustains a major
fishery with catches of up to 5-6 million tonnes
annually, about 40% of the total annual landings of
the Chile-Peru upwelling ecosystem (Blanco et al.
2001). Thisregion may also significantly contribute
to climate regulation in the southern hemisphere
because asubstantial exchange of heat and CO, can
occur between the atmosphere and the cold, nutrient-
rich, CO, saturated upwelling waters. This
fertilization of the photic zone increases primary
production and the uptake of CO, from the
atmosphere, promoting carbon export to depth.
The central/southern region (30-42° S) includes
several coastal upwelling centers (Fonseca & Farias
1987) which exhibit strong seasonal variation.
Upwelling intensifies during the spring-summer
period (Céaceres & Arcos 1991, Figueroa & Moffat
2000) and downwelling occurs during the winter
due to the prevalence of strong north winds. The
continental shelf isconsiderably wider (uptoca. 40
km) than in the north and, in places, is crossed by
submarine canyons (Figueroa& Moffat 2000). River
runoff and rainfall are high in this area and low
salinity waters can extend well offshore during the
winter-early spring period in association with waters
flowing northward from the fjord area (Strub et al.
1998). Some of the highest primary production rates
inthe coastal waters of Chile have been observedin
this region (Daneri et al. 2000). This high
productivity underlies one of thelargest fisheries of
jack mackerel Trachurus murphyi intheworld. The
OMZ inthisareaisdeeper (> 100 m) and lessintense
(> 0.5 ml L) than further north. Where it overlies
the shelf sediments, there is an extended period of
suboxia in the benthic environment, which results
in high biomasses of the sulfide-dependent giant
bacterium Thioploca (Gallardo 1977).

The austral fjords region (42° - 55° S) of Chileis
the least studied zone. Here, the water in the inlets
originates from SAW and the melting of resident
glaciers. At these latitudes, the WWD reaches the
coast and divides into the northward flowing
Humboldt Current and the poleward Cape Horn
Current, which passes around the continent through
the Drake Passage, influencing both the east and
west coasts of South America (Pickard 1973).
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BioceoGrRAPHICAL PARTITIONING AND THE
BiobiversiTY OF THE CME

Much of the theory and practice regarding biogeo-
graphical partitioning and the biological diversity
of ecosystems come from terrestrial communities
and are usually based on geographical disconti-
nuities. The dynamical and three-dimensional char-
acter of the ocean makes the identification of bio-
geographical regionsin marine systems more com-
plex. Thus, any physical boundaries to delineate
biomes, provinces, or biogeographical unitsshould,
in most cases, be considered as transient and sub-
ject to seasonal and/or interannual variations.
According to Longhurst (1998), the south-eastern
Pacific can be viewed as part of the Pacific coastal
biome and may incorporate characteristics from
three larger scale systems: the Trade Wind, West-
erlies, and Polar biomes. These hypothetical do-
mains arein agreement with theidea of there being
three physical-chemical environments and biogeo-
graphical unitsinthe CME (Fernandez et al. 2000).
The Pacific Trade Wind biome corresponds to the
tropical ocean. On an annua basis, there is a net
inward flux of heat across the sea surface and the
upper mixed layer and tropical thermocline are
maintained throughout the year. Its limits vary
roughly from 5° S to around the tropical conver-
gence (30° S). The Westerlies biome is character-
ized by ahighly seasonal mixed layer which deep-
ens in winter due to increased wind stress. This
biome can be considered as a transition zone be-
tween the Trade Wind and Polar biomes with a
southern limit at about 55° S, the | atitude at which
subduction of Antarctic Intermediate waters
(AAIW) takes place.

Several studies of benthic and pelagic marine com-
munities in the south-eastern Pacific also suggest
the existence of three major biogeographic units
that coincide, in general terms, with the biomes pro-
posed by Longhurst (1998). However, the ap-
proaches used so far and necessary in the future,
and the types of information currently available and
those which will be required for the characteriza-
tion of diversity patterns in these biogeographical
regions differ. For this reason, the benthic and
pelagic components have been treated separately
in thisreview. However, the apparent correspond-
ence of the boundaries of the three biogeographi-
cal regionsfor both components suggests that fu-
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ture studies should include a closer integration
of the benthic and pelagic systems.

Thethree notional biogeographical regions of the
CME (Fig.1) will now be discussed in more de-
tail.

THE PeLacic System OF THE CME
The northern upwelling region (NUR)

Coastal upwelling is the key process determining
productivity in the NUR. Although pelagic
organisms benefit from the high productivity of
upwelling sites, they also have to cope with the
variable conditionsin this zone. Understanding the
physical and biological interactions occurring in
upwelling systems should provide insight into the
processesthat control the production and biological
diversity of pelagic assemblages. Although much
information on some of these interactions has
already been gathered (Mann & Hilborn 1992,
Summerhayes et al. 1995), most of it comes from
other upwelling areas, such asthe Benguela System
(Verheye et al. 1992, Roy 1998), the California
Current system (Wing et al. 1998), and the Oregon
system (Peterson et al. 1979, Wroblewski 1982).
Details of the physical-biological interactions that
take placeinthe coastal upwelling zones of the NUR
are much more limited and restricted to some
particular conditions and sites (e.g. Escribano &
Hidalgo 2000, Escribano et al. 2001, 2002, Giraldo
et al. 2002). Recent studies (Marin et al. 2001) have
provided data that may help in understanding the
mechanismswhich maintain the presence of pelagic
populations in the food-rich coastal zone of the
NUR. Off the Mgjillones Peninsula (23° S), the
interaction between a poleward flow and cold
upwelling plumes may giveriseto large eddies that
act as efficient retention mechanisms and prevent
the offshore advection of zooplankton (Giraldo et
al. 2002) and fishlarvae (Rojaset al. 2002). A major
finding is that, for most species, diel vertical
migrations to maintain the popul ationsin the food-
rich upwelling centers do not seem to be necessary.
Indeed, many species appear to be restricted to the
upper layer (< 100 m), possibly constrained by the
shallow OMZ (Escribano & Hidalgo 2000, Morales
et al. 1996b). The pelagic ecosystem of the NUR is
subject to weak seasonality, and also to strong
interannual variation due to the ENSO cycle.
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The phytoplankton in the coastal zoneisdominated
by large diatoms and dinoflagellates, typical of
upwelling systems. About 200 species from five
taxonomic groups have been identified. In the
nearshore zone (< 10 nm), diatoms predominate
whereas, offshore, dinoflagellates account for more
than 80% of the total numerical abundance (Avaria
& Mufioz 1983). The diatoms are mainly of the
genera Leptocylindrus, Rhizosolenia, Detonula,
Nitzschia, Chaetoceros, and Skeletonema and the
dominant genera of dinoflagellates are Ceratium,
Prorocentrum, and Gymnodinium (Avaria& Mufioz
1983). The nanoplankton (< 20 mm), which consists
of small diatoms, naked dinoflagellates, and auto-
trophic protozoa, has not received attention. Small
phytoplankton, including nano and picoplankton,
may account for alarge proportion (> 60%) of the
primary production and chlorophyll aconcentration
in the coastal waters of the NUR (Gonzalez et al.
1998, Iriarte et al. 2000). Also, large numbers of
small Prochlorococcus and Synnecococcus have
been reported within the OMZ, apparently
photosynthesising under low oxygen conditions
(Ulloapers. comm.). Adaptationsto these particular
conditions may have given rise to alarge amount of
genetic variability which warrants the use of
molecular approachesto identify the species present
and investigate the degree of diversity. Thislack of
knowledge al so appliesto the microbial components
inthe NUR. Large amounts of bacterioplankton and
protozoa can be anticipated, associated with the
phytoplankton bloomsfollowing upwelling, but the
study of the biodiversity of these componentsis not
likely in the near future. The zooplankton in the
NUR has received more attention. Although the
dominant species can be considered to be part of
the subantarctic fauna, they are mixed with species
of tropical and equatorial origins. The most studied
groups are copepods (Heinrich 1973, Vidal 1976,
Hidalgo & Escribano 2001) and euphausiids
(Antezana 1978, Fernandez et al. 2002). Fifty
species of copepods have been recognized, the
dominant ones being the herbivores Calanus
chilensis, Centropages brachiatus, Paracalanus
parvus, Acartia tonsa, and Eucalanus inermis. C.
chilensisisendemic to the Humboldt Current (Marin
et al. 1994), whereas C. brachiatus, P. parvus, and
A. tonsa are cosmopolites and widely distributed
along the Chilean coast. The genus Eucalanus may
be represented by about six species which have not

yet been clearly defined (Hidalgo & Escribano
unpublished data), though E. inermis is a typical
tropical species. Small copepods are also abundant
components of the epipelagic zooplankton among
which the dominant generaare Oithona and Oncaea.
Of the euphausiids, the endemic species of the
Humboldt Current, Euphausia mucronata, is
noteworthy in view of its high abundance, wide
distribution, and close association with the OMZ
(Antezana 1978). This species forms large
aggregations in the upwelling centers off northern
Chile, possibly interacting with the early stages of
anchovy during the winter spawning season
(Escribano et al. 2000). Euphausia eximiaisanother
abundant species, which increasesin number during
El Nifio events (Antezana 1978, Gonzélez et al.
2000). Gelatinous zooplankton may exhibit large
seasonal variations in abundance (Gonzélez et al.
2000), but taxonomic studies of this group have not
yet developed.

Other important components of the pelagic
ecosystem of the NUR are mesopelagic fish. There
are few studies dealing with this group, mostly
represented by myctophidae (Sielfeld et al. 1995),
but their early life stages are abundant in the
ichthyoplankton in the upwelling center off the
Mgjillones Peninsula (Loeb & Rojas 1988, Rojas et
al. 2002), suggesting that myctophid fish may
contribute substantially to the total biomass of the
pelagic systemin thisprovince. No studieshave been
made of trophic interactions in this ecosystem.
The economically important fishery of northern
Chileismostly sustained by the anchovy Engraulis
ringens and the sardine Sardinops sagax. The early
stages of these small pelagic fish are known to feed
on microplankton, composed of a mixture of dia-
toms, flagellates, copepod eggs, and nauplii, whereas
later stages might well prey upon the abundant
copepod populationsin the coastal upwelling zone.
Euphausiids and gelatinous zooplankton may, onthe
other hand, feed on anchovy eggs. The early mor-
tality of small pelagic fish due to size-dependent
predation can, therefore, be anticipated. These po-
tential trophic interactions require urgent study to
evaluate their roles in structuring pelagic assem-
blagesin the NUR.

The ENSO cycle can cause abrupt changesin the
planktonic community of the NUR. During the
warm phase, small diatoms and flagellates re-
placethelarge formsthat predominate during cold
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upwelling conditions, and account for most of the pri-
mary production (Iriarte et al. 2000). Speciesreplace-
ments also occur in the zooplankton (Hidalgo &
Escribano 2001): Thecommunity of copepods (mainly
Calanusand Eucalanus) and euphausiids present dur-
ing upwelling conditionsissucceeded by the cyclopoid
copepods, Paracalanus and Acartia, during El Nifio
events (Gonzdlez et al. 2002). A reductioninthesize
of mature copepods a so appearsto beassociated with
El Nifio (Ulloa et al. 2001). All of these changes in
thestructure of the pel agic system may have profound
implications for the functioning and productivity of
the NUR and need also to be considered in future
ecosystem studies.

THE CENTRAL/SOUTHERN UPWELLING REGION (CSUR)

Studies of physical-biological interactions in the
pelagic realm of the CSUR are scarce. Peterson &
Bellantoni (1987) examined the influence of water
column stratification, phytoplankton size, and
copepod fecundity off Concepcion (36° S), and
Peterson et al. (1988) investigated the coupling
between primary and secondary production in this
productive upwelling center. Additional studieshave
dealt with the vertical distribution and spatial
variation of dominant copepods (Castro et al. 1991,
1993). More recently, the influence of physical-
biological interactions on the early life stages of
clupeidsin the upwelling zone off Concepcidn has
been described (Castro & Hernandez 2000, Castro
et al. 2000). These studies suggest that mixing and
advection can have a strong influence on the popu-
|ation dynamics of dominant zooplankton and small
pelagic fish. Thus, physical processes may be more
important in regulating pelagic populations in the
CSUR than in the NUR, where biological
interactions seem to play a greater role.

The plankton assemblagesin the pelagic systems of
the CSUR and the NUR differ dlightly, intermsof a
few species, but the 2 regions have many
phytoplankton and zooplankton in common. In the
CSUR, the phytoplankton is dominated by large
diatoms for most of the year (Avaria & Mufioz
1982). The species of zooplankton present in both
the CSUR and the NUR include, among the
dominant herbivores, the endemic species C.
chilensis and E. mucronata, which are distributed
down to mid latitudes (45° S). The CSUR faunaare
mostly of subantarctic origin, however, tropical or
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subtropical species being scarce or absent. Nearly
35 speciesof copepods have been cited for the CSUR
(Bjornberg 1973). The most abundant species of
large copepods are Rhyncalanus nasutus and
Calanoides patagoniensis (Arcos 1975, Castro et
al. 1991) and, of euphausiids, Thysanoessa gregaria
and Euphausia lucens, which become even more
numerous further south in the fjords region. About
45 speciesfrom the groups hydrozoa, siphonophore,
ctenophore, chaetognath, and appendicularia have
been identified off Valparaiso (Palma 1973, Pama
& Rosales 1995).

Species such asthe Galatheidae crustaceansareim-
portant fishery resourcesin the CSUR. Of about 16
speciesidentified in Chilean waters (Retamal 1981),
only 2, Pleuroncodes monodon and Cervimunida
johni, have been exploited. Although these species
are distributed from Peru to southern Chile, thefish-
ing area has been restricted to between 30° and 37°
S (Palma 1994). The anchovy E. ringens is present
between 32° and 40° S, but this popul ation appears
to bedistinct and geographically separated from that
in the NUR because no anchovy fishing has been
reported in the transition zone (26° -32° S) between
the two regions. The degree of interbreeding is un-
clear and to discover whether these popul ations dif-
fer from each other may require the use of molecu-
lar techniques. The jack mackerel, Trachurus
murphyi, isamajor fishery resourceinthe upwelling
zone between Valparaiso (33° S) and the Gulf of
Arauco (38° S). This species, however, undergoes
large-scale migrations and is widely distributed in
the Pacific Ocean, so that it has been difficult to
identify and allocate populations to specific geo-
graphical locations. Theidentification of individual
populations in order to answer questions about the
population dynamics and ecology of this speciesis
an important and unsolved issue for managing this
resource. Studies of the feeding behaviour of jack
mackerel suggest that this species consumesawide
range of food types, though euphausiids are a ma-
jor component of its diet (Medina & Arancibia
2002). Other preys are mycthopids, anchovies,
copepods, and chaetognath (Medina & Arancibia
2002). The Chilean hake Merluccius gayi isalso an
important resource in the CSUR. This species in-
habits mid-depths (200-400 m) and also feeds
mostly on euphausiids (Meléndez 1983, Arancibia
1989).

From these studies, it is apparent that euphausiids,
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which form dense aggregationsin the coastal waters
of the CSUR (Antezana 1970), are a key trophic
link in the food chain between phytoplankton and
fish production, sustaining large biomasses of jack
mackerel and the Chilean hake. There have been no
ecological studies of euphausiidsin the CSUR and
thisis an issue that needs urgent attention.

THE AUSTRAL FJORDS REGION (AFR)

The composition of the fauna and florain the AFR
is greatly influenced by the Antarctic continent
though it also includes species from the Atlantic
coast, because both zones areinfluenced by the Cape
Horn Current. The phytoplankton community of the
AFR is characterized by up to 135 species of dia
toms and dinoflagellates (Uribe 1992). The domi-
nant genera of diatoms are Chaetoceros, Ske-
letonema, Nitzschia, and Thalassiosira, with sev-
eral speciesyet to beidentified (Avaria1970, Uribe
1992). Dinoflagellate genera include toxic species
of Alexandrium, Dinophysis, Gonyaulax, and
Amphidom. Red tides are common in the area (see
Clement & Guzman 1989 for areview).

The zooplankton assemblagesarelargely dominated
by dense aggregations of euphausiids, commonly
composed of E. lucens, E. vallentini, and Thy-
sanoessa gregaria (Antezana 1976). In the estua-
rine conditions nearshore in the inlets, the
zooplankton communities contain arich variety of
cladocera and meroplanktonic larvae of crustacean
decapodamixed with an abundant, diverse commu-
nity of epipelagic copepods (Marin & Antezana
1985). Dominant copepods include the calanoids
Calanus australis, Calanoides patagoniensis, and
Drepanopus forcepatus.

Over the continental shelf of the AFR, the fish com-
munity is dominated by the demersal species Ma-
cruronus magellanicus and Merluccius australis.
Both are comercially exploited and their apparently
high biomasses might be sustained by the abun-
dance of euphausiids available, but trophic interac-
tionsin thisregion are unknown and deserve future
attention.

THE BENTHIC SYSTEM OF THE CME
An increasing number of reports of large scale pat-

terns of diversity in the marine benthos of Chile,
also identifying possible causal factors affecting

biodiversity, have appeared in recent years. Thismay
be a response to the alarming decreases in
biodiversity reported for ecosystems el sewhere and
also to the intense expl oitation of the economically
valuable benthic resourcesin Chile. The studiesare
important since they allow the determination of (1)
biogeographical units, (2) areas of high species di-
versity, (3) areas with a high frequency of endemic
species, as well as (4) gaps in existing knowledge.
The information availableis still scarce and unbal-
anced for the different taxa, geographical areas, and
depths. Moreover, the scale of analysis needsto be
considered before final conclusions can be drawn
since the scope of the databases might have influ-
enced the patterns of diversity reported so far (Riva-
deneira et al. 2002).

Large scale diversity patterns of benthic
macroinvertebrates and macroalgae have recently
been summarized by Ferndndez et al. (2000); data
for the best studied species obtained during surveys
conducted from the early nineteenth century to the
present were used to compile databaseswhich aided
the analyses of diversity. The number of species
included in studies of latitudinal diversity patterns
of benthic invertebrates hasincreased from the first
work conducted by Viviani (1979) to present not
only due to the inclusion of more taxa but also to
more comprehensive databases. The most recent
compilation (Lancellotti & Vasquez 2000) is based
on 1597 species of Porifera, Anthozoa, Polychaeta,
Mollusca (Polyplacophora, Gastropoda, Bivalvia),
Crustacea (Cirripedia, Amphipoda, Isopoda,
Brachyura, Anomura), Echinodermata (Asteriodea,
Ophiuroidea, Echinoidea, Holothuroidea), and
Ascidiacea present between 18° and 55 °S. In the
same study area, 508 species of macroalgae have
also been reported (Santelices 1980). Analysis of
this information has been used to delineate
biogeographical provinces (Castilla 1979, Viviani
1979, Santelices 1980, Brattstrom & Johanssen
1983, Santelices & Marquet 1998, Lancellotti &
Vasguez 1999, Valdovinos et al. 2003). Although
the taxa and depths considered in these studies
varied and different patterns were proposed, there
were some general coincidences. Firstly, two major
biogeographical provinces (see Lancellotti &
Véasquez 1999) were identified: the Pera-Chile
province (from Paitain PerGto Vaparaiso in Chile)
and the Magellanic province (Chiloé Island to Cape
Horn) (Fig. 2). The latitudinal limits of each
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provincediffered by up to 2°-3° between thevarious
authors, the biogeographical boundary at 42° Sbheing
better defined for shallow than for deep water species
(Brattstrém & Johanssen 1983). Secondly, most
authors recognized a diffuse ‘transition zone’ in
central Chile, from around Valparaiso down to
Chiloéldand. However, the breaksin species distri-
bution varied both between the taxa of the benthic
invertebrates (Viviani 1979, Brattstrom & Johanssen
1983, Lancellotti & Vésquez 1999) and between the
benthicinvertebrates and the macroal gae (Santelices
& Marquet 1998). An area of macroalgal species
affinity, from the Strait of Magellan to Cape Horn
(54°-55° S), wasidentified with mostly subantarctic,
endemic species, many with restricted distribution.
A second, more extensive area between 5° and 53°
Sispopulated by many endemic and several bipolar
species, and there is a gradual northward decrease
in the number of antarctic species present. Within
this region, a small discontinuity, probably related
to upwelling events, isobserved at 30° S (Santelices
1980). Recent studies, conducted on large
(Lancelloti & Vasquez 2000) and small spatial
scales, have shown that, between 30° and 32 °S, a
break may exist in the distribution of species of
benthic invertebrates. However, thisboundary does
not seem to be as well defined as that identified in
the WWD (see below).

An outstanding feature of this region is the
latitudinal pattern of speciesrichnessof several taxa
of marine invertebrates (Viviani 1979, Brattstrom
& Johanssen 1983, Lancellotti & Vésquez 2000,
Valdovinoset al. 2003). Inthe northern hemisphere,
species diversity is maximal near the equator and
declines northwards, both in terrestrial taxaand in
marine invertebrates and fish (Rohde et al. 1993;
Roy et al. 1994, 1998, 2000). Along the coast of
Chile, however, species richness of several benthic
taxa decreases as expected with increasing latitude
between 18 and 40-45 S, and then increases
dramatically further south. Several authors have
hypothesized that this inverse pattern of diversity
might be explained by the presence of the antarctic
fauna (Gallardo 1987, Clarke & Crame 1997). An
aternative explanation isthat thisinverse pattern of
diversity is related to the larger area of habitable
continental shelf south of 40° S (Valdovinos et al.
2003). What is clear isthat the latitudinal gradients
in solar radiation, water temperature and, thus,
productivity do not explain the anomalous diversity
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of benthic invertebrates in the southeastern Pacific
(Rohde et al. 1993; Roy et al. 1994, 1998, 2000,
Macpherson 2002). This anomaly is not general in
the southern hemisphere, however. Some taxa of
marine benthic invertebratesdo follow the“ normal”
latitudina diversity gradient (e.g., Brachyura and
Anomura; Boschi (2000) and Astorga et al. (sub-
mitted) showed that their distribution patterns are
linked to the sea surface temperature in the southern
ocean. These authors hypothesized that this was
related to the modes of larval development. This
work was based on databases compiled by Retamal
(1981) and Boschi 2000. The debate about what
determines patternsof diversity of marine organisms
is just starting, and, to progress with this, more
information is going to be needed. Databases for
other groups of benthic marineinvertebratesareal so
required as well as information on their modes of
larval development. Most of the patterns described
above are for macrofauna; information about the
microfauna of marine invertebrates is limited and
urgently needed. Oncethisisavailable, comparative
analyses with other oceans can be conducted, and
this could greatly help in understanding the factors
whichinfluence marine biodiversity. Itisinteresting
to note that the patterns of diversity of macroalgae
(Santelices 1980) and fish (Rohdeet al. 1993, Ojeda
et al. 2000, Macpherson 2002) are similar in the
two hemispheresand that, within each group, similar
patterns of development have been reported. This
strongly suggeststhat understanding thelife histories
and development of benthic invertebrate speciesis
particularly important. Other evidence supporting
thelink between diversity and modes of development
of benthic invertebrates has been provided by the
analysisof sizeranges (Santelices& Marquet 1998,
Valdovinos et al. 2003, Astorga et al. submitted).
These seem to decrease south of 40-45° S in most
speciesof benthicinvertebrates and macroal gae, but
not in the groups with similar motile phases which
occur between 18° and 55° S (e.g. Brachyura,
Anomura, fish). Dueto the small size ranges of the
species south of 40-45° S, a high frequency of
endemic benthic invertebrates is observed around
the southern tip of South America.

Although analyses of large scale patterns of
diversity based on databases compiled using the
existing literature are of major interest, more site
specificinformation isneeded for abetter definition
of diversity, for the identification of causal factors,
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and for conservation plans. Thistype of information
is lacking for most coastal habitats. Even though
the benthic marine communities of Chile have
gained recognition as some of the best knowninthe
world, and examples of Chilean studiesare starting
to appear in basic ecological textbooks (e.g., Giller
1984, Putman 1994, Paine 1994, Raffaelli &
Hawkins 1996, Barnes & Hughes 1999), the data
come from arelatively small number of study sites
(central Chile and around Mehuin) and are mostly
restricted to the intertidal zone (particularly rocky
shores). Information on intertidal communities for
the rest of the coast of Chile is still scarce; the
diversity and structure of the heavily exploited
benthic communitiesin the shallow subtidal fringe
(0-30 m depth) are very little understood. In Chile,
nearshore invertebrates and algae are economi-
cally and socially important, since more than
30,000 fishermen are involved in harvesting them
(Bustamante & Castilla 1987). These benthic
systems require the most immediate attention
because (1) their diversity ishigher, (2) they support
important economic activities, and (3) they are
heavily impacted by different types of human
activity. Recent extensive surveys of benthic inver-
tebrates in deeper areas by the German research
vessel, De Sonne, arealso of interest in thiscontext.
It is also important to emphasize that large scale
analyses of biodiversity based on extensive site-
specific samples may yield results which are
different from those derived from databases. A
recent study showed that distribution patterns of
species richness and turnover along the coast of
Chile, between 18°and 42° S, varied according to
the spatial scale used; databases for intertidal
invertebrates, for example, showed, around 30-32°S,
a mid-latitudinal peak of species richness, (Riva
deneira et al. 2002). However, extensive field
studiesin theintertidal zone revealed that changes
in abundance, recruitment and reproductive patterns
do, in fact, occur at that latitude (Camus 1998,
Brazeiro 1999, Broitman et al. 2001, Rivadeneira
et al. 2002, Fernandez unpublished data). None of
theselatter patterns became evident using databases.
The documentation of meso-scale patterns
(intermediate between the small, local-scale of field
observationsand the continental scalesof traditional
biogeographical analyses) arevirtually non-existent
in Chile though efforts in this direction have been
made, inthelast 10 years, for intertidal rocky shores

and sandy beaches (Camus 1998, Brazeiro 1999,
Broitman et al. 2001, Rivadeneira et al. 2002,
Jaramillo unpublished data). More studies expan-
ding the traditional small scale of analysis used by
benthic ecol ogistsare needed in Chileto draw final
conclusions.

CONCLUDING REMARKS

This paper provides a brief account of what is cur-
rently known about the structure and functioning of
the CME. Certainly, many aspects and much infor-
mation have not been covered in this survey. How-
ever, at thispoint, it seems morerelevant to identify
and emphasize the issues that require urgent atten-
tion in the context of the conservation of biological
diversity in the CME. The types of biological and
ecological data required to further advance
biodiversity studiesin Chile have already been iden-
tified by Fernandez et al. 2000. Future work should
include (1) extensive surveys to collect data on
coastal communities which are subjected to human
impactsand in little studied geographical locations,
(2) surveys and analyses of existing samplestoin-
crease the information on large-scale patterns of
speciesdistribution for sometaxonomic groups, (3)
efforts to coordinate ongoing initiatives directed
towards biodiversity studies (e.g., those of CONA
and CASEB, and individual efforts conducted by
taxonomists), (4) the compilation and organization
of existing biological and ecological information,
(5) the assessment of the conservation statuses of
species, (6) the evaluation of natural factors which
influence diversity, (7) the assessment of the effect
of species introduced by the aguaculture industry
onlocal biodiversity and ecosystem functioning, and
(8) the evaluation of the effect of human activities
(e.g., pollution, exploitation of key predators of
benthic communities) on local biodiversity, among
others.

The Chilean National Commission for Science and
Technology (CONICY T) recently funded the Center
for Advanced Studies in Ecology and Biodiversity
(CASEB). Thisisthefirst national initiative of this
type, and the first signal indicating recognition of
the need to study biodiversity, both marine and ter-
restrial, in Chile. Several CASEB research programs
involve different aspects of biodiversity in the
nearshore ecosystems (0-40 m depth) and the re-
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sults of these studies are being used by the Na-
tional Environmental Commission (CONAMA) tode-
sign conservation plans for Chile. The diversity of
the nearshoreisbeing examined from largeto small
spatial scalesusing severa different approaches(e.g.
data compilation, molecular techniques, and field
and experimental studies). Current work on large
scale patterns of diversity and the processes pro-
ducing them (Santelices & Marquet 1998, Wieters
2000, Valdovinos et al. 2003, Astorga et al. submit-
ted) mostly involves the compilation of databases
of marine species(e.g., polychaetes, molluscs, crus-
taceans, algae, bryozoans, sponges, etc). Thesewill
later be integrated into a Gl S-based grid system to
map the distribution of these organisms with the
aim of designing a network of marine protected
areas (Botsford et al. 2001). The information will
also enable the identification of areas of high spe-
ciesdiversity, and those which possess unique char-
acteristics in terms of ecosystem processes (e.g.
disturbance, upwelling regimes) and taxa (e.g. en-
demic and key species). The devel opment of abio-
geographical database for Chilean marinefloraand
faunawasinitiated between 1997 and 2000 and has
become amajor component of thework of CASEB.
Although several of the needs listed earlier are be-
ing addressed by CASEB programs, extensive sur-
veysalong the coast of Chilewere not funded, and,
in spite of itsurgency, it isunlikely that thistype of
project will receive national funding in the near fu-
ture. What is, therefore, now required is the coor-
dination of national institutionsand researchers, and
their linking to international networking. The im-
portance of international cooperation for studies of
biodiversity in Chile is clearly shown by (1) the
results presented at the first International Marine
Macroecology Workshop (see summary in Trends
in Ecology and Evolution, February 2001, 67-69),
and (2) the outcome of ongoing international pro-
grams. The latter have allowed and are allowing
the comparison of speciesdiversity databasesfrom
Chile and other countries as well as coordinating
efforts to increase meso-scale field studies in the
upwelling regions of the northeastern and south-
eastern Pacific (e.g. PISCO Project-CASEB,
Mellon Foundation-CASEB). More work on solv-
ing taxonomic problemsisrequired, and the use of
modern molecular techniques may help where tra-
ditional methods have not yet been successful (e.g.
Castilla et al. 2002). Although it is unlikely that
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molecular methodswill begenerally availableinthe
near future, there are programsat the CASEB L abo-
ratory of Molecular Diversity and international ef-
fortsin which Chilean scientists should becomein-
volved. The ultimate goal of suchinitiativeswould
be the construction of global genetic data banks
for targeted taxonomic groups.

With regardsto ecosystem functioning and biologi-
cal diversity, the large scale and long term studies
providing insights to the key processes that help to
maintain biodiversity are still at an early stage in
Chile. However, national initiatives such as the
FONDAP (Funding for Advanced Science in Pri-
ority Areas) programs established by CONICYT
will help in accumulating further knowledge about
the CME. Two of these programs are the aready
mentioned CASEB and COPAS, the FONDAP
Center for Oceanographic research in the Eastern
South Pacific (COPAS), based at University of
Concepciodn, is studying interannual variability
caused by the ENSO cycle and how the whole of
the CME responds to interannual variations from
cold to warm regimes, both relevant questions in
the context of ecosystem structure and function-
ing. To tackle these problems, time-series studies
based on current moorings off Iquique (20° S) and
Coquimbo (30° S) arein progress. COPAS is also
funding an integrated physical-biological time se-
ries station off Antofagasta (23° S) and another
monitoring physical, chemical, and biological vari-
ables off Concepcion (36° S). COPAS will also
carry out further studies of the OMZ and coastal
upwelling to improve our understanding of thefunc-
tioning and structure of the CME. Latitudinal vari-
ability in upwelling might greatly explain many of
the patterns of diversity observed inthe CME. The
potential biotopes provided by the distinctive ver-
tical habitats must also be considered. The perma-
nent pycnocline in the NUR, the seasonal
pycnoclines in the CSUR and the AFR, and the
OMZ arephysical boundariesthat promote the ver-
tical partitioning of speciesassemblagesinto at |east
three distinguishable habitats: (1) the epipelagic
euphotic zone, (2) the OMZ, and (3) the AAIW.
Each may contain distinct ecosystems with their
own energy pathways and biological communities.
Of them, theAAIW, istheleast studied and COPAS
will rectify thisin collaboration with international
partners by conducting research cruisesin the south-
ern region of Chile during the next few years.
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It has been suggested that there may be a gradient
inthe potential for the dispersal of certaintaxaalong
the coast of Chile (Gallardo & Penchaszadeh 2001).
Studies of meso- and smallscale patterns of diver-
sity and the processes which determine theminclude
(1) patterns of recruitment and the structure of in-
tertidal and shallow subtidal benthic communities
along biogeographical transition zones, (2) the in-
fluence of natural factors (e.g. the presence of adapted
species, upwelling regimes, ENSO variability) on
coastal communities, (3) the effectsof different types
of human impact (e.g. pollution, exploitation, in-
troduction of exatic species) on benthic communi-
ties, and (4) genetic diversity in commercialy im-
portant species (e.g. macroalgae, aba one, mackerel,
anchovy). Some of the studies of human pertur-
bations are conducted in the Marine Protected Area
of Las Cruces where a 20-year database of coastal
organism diversity is available.
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