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This overview is a summary of the oceanographic knowledge of the Humboldt Current Large Marine
Ecosystem. It draws mainly on published scientific literature that on the last decade has shown a healthy
increase due to the implementation of some key oceanographic and fisheries related research programs with
the aim that together with a similar work done in Peru be the source to identify the issues, factors and threats
of the Humboldt Current Large Marine Ecosystem (HCLME).
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1. INTRODUCTION

The Humboldt Current Large Marine Ecosystem (HCLME) is one of the four major Eastern Boundaries of the
world ocean being in many respects similar to the Benguela current running of the coast of west Africa, the
California current off the west coast of USA and the Canary current off north-west Africa. The HCLME is born
at the bifurcation of the West Wind Drift Current (~42° S ) which generates the Cape Horn Current to the south
and Humboldt Current to the north and extends along the coast of Southwest of South America to the north of
Peru (~5° S). The bifurcation of the West Wind drift oscillates seasonally and from year to year between the
Island of Chiloé (43°S) and the Gulf of Penas (47°S) (Figure 1).
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Figure 1. The Humboldt Current Large Marine Ecosystem (HCLME).
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The Humboldt current system (HCS) is a highly productive large marine ecosystem supporting one of the
largest fisheries of the world oceans. About 20% of the world catch is produced in this ecosystem. This high
productivity is associated to the occurrence of coastal upwelling that brings nutrient rich subsurface waters to
the surface. Upwelling promotes high phytoplankton and food chain associated yield (Daneri et al., 2000).

The high biomass and species richness of the HCLME support important benthic, demersal and pelagic fisheries.
As a result of this, a significant part of the population and economy of Chile and Peru depends directly or
indirectly on the HCLME. In the last three decades however environmental changes coupled to an increase
fishing pressure has resulted in dramatic fluctuations and loss of stock of marine natural resources in the HCLME.

The HCLME is not only under threat from overfishing but also from other human activity along the coastal
fringe that generates pollution and habitat degradation problems. Petroleum spills, emission of organic and
inorganic residuals of domestic and industrial processes, habitat degradation through aquiculture activities and
the physical alteration of the coastal border by developers are increasingly threatening fragile coastal habitats
that can be important nursery areas of both benthic and pelagic marine species.

Based on an ecosystemic approach, that considers different time and space scales of environmental changes
this work will generate a transboundary overview and diagnosis of the main environmental and human
dimension issues leading to the implementation of a Strategic Action Plan for an integrated and sustainable
management of the Humboldt Current Large Marine Ecosystem (HCLME).

1.1 Objetive

This overview is a summary of the oceanographic knowledge of the Humboldt Current Large Marine Ecosystem.
It draws mainly on published scientific literature that on the last decade has shown a healthy increase due to the
implementation of some key oceanographic and fisheries related research programs. The overview commences
with a brief discussion of the main historical events and programs that has had a measurable impact on the state
of art of the knowledge. Then it continues with a discussion of the main physical features and processes in the
HCLME -the bathymetry, wind field, temperature, salinity, water masses, upwelling and circulation. Key aspects
of the chemistry and chemical processes follow including a discussion of nutrient dynamics and the importance of
dissolved oxygen. The next section deals with plankton, bacterioplankton, phytoplankton and zooplankton as well
as a section on red tides and harmful algal blooms and a section on the biogeographic partitioning of the HCLME.
Finally we have provided a perspective on the various issues, problems and threats facing the Humboldt and
have identified the major gaps in knowledge and understanding.

1.2 A Brief history on the development of oceanographic and environmental knowledge in
the HCLME.

From the perspective of oceanography, the last ten years have been the most productive in relation to knowledge
development and publications. Two major events marked the beginning of a significant increment in the quality
and frequency of the information acquired. One was the acquisition of the research vessels Abate Molina and
Vidal Gormaz, and on the other hand, the substantial increment in the funds allocated to marine science
(FONDEF, FONDAP, and FIP). Among the more important oceanographic initiatives are: JGOFS-SAREC project,
the Sectorial Biomas (FONDECYT-CONICYT), CIMAR PROGRAM, the FONDAP-HUMBOLDT PROGRAM and
the FONDAP-COPAS PROGRAM. From the standpoint of fisheries oceanography it is important to mention the
grants supported by FIP (Fisheries Research Fund) in the period from 1991 to the present.
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2. PHYSICAL FEATURES AND PROCESSES

21 Geographical Aspects

The Chilean coast extends from about 18°20'40” to 57° 30’ latitude south, along the western coast of South
America. This region of the Pacific is under the influence of a subantarctic system current, known as the
Humboldt Current. The West Wind Drift current (WWDC), located on the subantarctic zone at 42° South,
reaches the continent creating: a) an equatorward surface coastal current (the Humboldt or Peru-Chile current)
and an ocean current, both flowing separated by an Equatorial Countercurrent; and b) a poleward flow known
as the Cape Horn current. The WWDC carries the Subantarctic water mass (SAAW).

The southern boundary of the HCLME is set at the bifurcation of the Wind West Drift current between the
Chiloé Island (42 °S) and the Gulf of Penas (46 °S). The northern limit of HCLME is set at the boundary with
the Equatorial Current, while the west boundary of the HCLME extends far beyond of the 200 nautical miles
Exclusive Economic Zone off Chile and Peru. In oceanographic terms, it is difficult to set the western limit of
the HCLME, particularly on the extremes were the current is born and in the northern segment were it turns to
the open ocean. The setting of the external limit of the HCLME, from an operational perspective, will
necessarily have a certain degree of arbitrariness. Accordingly, we proposed that this limit should be set later
on in the development of the proposal.

The Chilean coastline located approximately from 18°20° S to 41° 30’ S, is an extended and straight,
west-faced shoreline, with few embayments along the coast. The continental shelf is narrow in the
northern zone and has a depth of 100 to 150 m. The shelf off Valparaiso is an exception, where a hang-
shelf appears eight nautical miles wide and 800 m in depth. The widest part of the shelf in this coast is
found off Talcahuano, being 25 nautical miles wide and 150 m deep, and flanked by two submarine
canyons: the Itata canyon and the Bio-Bio canyon; both originated from active rivers during the Quaternary
period. In the southern area as far as Puerto Montt (42° S), the continental shelf is incipient and narrower
than off Talcahuano.

In regard with the bathymetry the HCLME is located in the area of subduction of the Nazca plate under the
South American plate. This tectonically active and highly seismic zone boundary is associated to the presence
of a deep trench and a narrow shelf, which in the case of Chile it is only wider than 10 nm off the Concepcién
area (Figure 2). Along the coast, the continental shelf is crossed in several places by submarine canyons such
as the Loa, Aconcagua and Bio-Bio rivers. These canyons are important to the downward transfer of organic
matter and for the generation of turbulence that result in upwelling of nutrients rich subsurface waters during
events of strong northerly winds (Figueroa & Moffat 2000).
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Figure 2. Bathymetry of Humboldt Current Ecosystem, show profile of depth longitudinal from north to south.

2.2 Meteorological Conditions

The marine climate off the west coast of South America arise from the interaction of basin scale atmospheric
systems, combined with regional and local effects introduced by the land sea boundary and the orography
(Strub et al., 1996). For the HCLME area the most influential large-scale system is the southeastern Pacific
subtropical anticyclone, which drives equatorward winds along the coast more or less permanently throughout
the year. Associated with the antycyclone there is a subsidence inversion at the top of the marine boundary
layer that comes closer to the surface near the coast, creating onshore-offshore gradients in wind stress and
cloudiness. The inversion and the inland mountain ranges parallel to the coast support the poleward
propagation of trapped atmospheric disturbances (e.g. coastal lows) that modulate the upwelling-favorable
winds, generating variability on a scale of few days (Rutllant 1993, 1997; Lefevre et al. 2002). Due to the
influence of regional and local wind forcing factors, maximum wind speeds along the coast are found in the
austral spring-summer, while offshore winds (southeastern trades) peak during the austral winter (Strub et al.,
1996).
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The northern zone of Chile presents an extremely arid conditions with a predominance of South and
Southwest wind throughout during the year, but peaking with more intensity during the in southern spring and
summer (Thomas et al 1994, Pizarro et al 1994). The southern zone of Chile present a more pronounced
seasonality, with a great quantity of precipitation during winter, and favorable upwelling winds to upwelling
occurring mostly occurring during the spring and summer seasons.

The average monthly climatology in the North of Chile derived from data obtained from meteorological stations
at Arica, lquique and Antofagasta indicates that, the alongshore wind component are maximum during the
spring and summer (December to march), with average magnitude between 4.2 and 6.32 m/s, and minimum in
winter (June and July) and magnitude between 2.6 an 4.0 m/s (Figure 3). Offshore the wind is less intense and
its seasonal variation is smaller. The coastal component is in the equatorial direction and is favorable to
upwelling processes. (Blanco et al, 2001).

South of Valparaiso bay (33°S) the seasonality of the alongshore wind component is similar to the northern
zone however the wind stress is less intense. In the case of the offshore wind component both the south and
the northern areas show similar degrees of wind intensity (Figure 3).

The wind contribution to upwelling and turbulence (figure 4), is more important in the north (Arica, lquique and
Antofagasta) compared the center of Chile (Valparaiso), where the wind stress contributes more significantly to
water column turbulence. The wind contribution to turbulence is more important during the winter. In the area
off Talcahuano, the wind is favorable to upwelling from December to January, when the wind contribution to
turbulence decreases.
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Figure 3. Average monthly of V and U wind component at the coast.
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Figure 4. Wind contribution to upwelling and turbulence in difference place along the coast

(modified from Parrish et al., 1983).

2.3 Water Masses

The oceanography of the HCS off northern Chile (18.5-30°S); between the coast and 200 nm offshore, is
characterized by the presence of five water masses. Between the surface and approximately 75 m of
depth the Subtropical Water (STW) mass has a well-defined superficial nucleus, particularly north of 23°S.
The STW is characterized by temperatures of 16-24°C and salinity of 34.9-35.3 (Silva and Konow, 1975;
Robles, 1976). South of 30°S the Superficial Subantarctic Water (SSAW) is found between the surface
and 120 m. The SSAW is defined by temperatures of 9-15°C and salinity of 33.0-34.3 (Silva and Konow,
1975; Robles, 1976). The area between 23°S and 30°S is a transition zone where the SSAW s located
below the STW, forming an upper minimum of salinity (Gunther, 1936; Wyrtki, 1963; Reid, 1965, 1973a,
1973b; Brandhorst, 1971). In the subsurface between 150 and 350 m, approximately, the Subsurface
Equatorial Water (SSEW) is characterized by a salinity maximum (34.4-34.9) and a dissolved oxygen
minimum (0.2 and 3 ml [ ') (Reid, 1965; Silva and Konow, 1975). In the intermediate layer between, 400
and 1000 m depth the Intermediate Antarctic Water (IAW) mass is characterized by temperatures of 4-
6.5°C and salinity of 34.2-34.5, (Reid, 1965; Silva and Konow 1975). The Intermediate Antarctic Water
Mass (IAAW) with an equatorward flow is characterized by low temperature and low and constant salinity.
This water mass appears between 500 m to 1500 m in depth and moves equatorward.
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The Pacific Deep Water Mass (PDW) is characterized by low temperature and saline waters with a
poleward flow. These waters have an ascending movement to the south and reach the surface at the
Antarctic divergence.

Additional variability is found in the Chile Coastal Current, where fresh water (32.7<S<34.2) from fjord region
around 42-45°S is advected northward at the surface in summer and saltier Poleward Undercurrent Water is
mixed into the surface water next to the coast during coastal upwelling. In the Table 1 are the definition of
water masses from Silva y Konow (1975), Bernal et al.(1982) and the used in the study of Blanco et al. (2001).

Table 1. Definition of water mass in the Humboldt Current System. In the first line by Silva 6 Konow (1975),
second line by Bernal et al. (1982), and in third line the values use by Blanco et al to characterize each
water mass in the northern of Chile. Modify from Blanco et al. (2001).

Water Mass Depth Range Temperature Salinity Oxygen
(m) (°C) psu (ml/)

STW 20.0 35.2

“surface” >18.5 34.9 >5

0-40 17.0-25.0 34.9-35.7 >5
SAW 1.5 33.8

25-40 11.5-14.5 34.1-34.8 2.5-45

40-80 11.0-14.0 34.3-34.8 3.0-6.0
ESSW 12.5 34.9

300-350 9.5-10.5 34.6-34.8 0.25-0.5

100-300 11-13 34.7-34.9 0.25-1.0
AW 3.0 34.0

>500 (710-750) 5.5 34.2-34.6 1.5-1.9

>500 (710-750) 6-8 >34.5 1.5-2.5
DPW 1.75 34.68

The Subtropical Water Mass (STW), characterized by superficial, oceanic, warm and saline waters
seasonally moves to the northern coast of Chile and southern Peru. During “El Nifio” event, the STW
reaches the coast as superficial water mass between 0 to 50 m deep. Changes in the physical and
chemical features of the seawater induce deep changes on intertidal and subtidal coastal species.
Temperature increases +3 or +4°C at the coast in a layer 30 to 50 m deep. The coastal upwelling process
is depressed or ceases, and often exotic species are advected to or reach the coast, while nutrients are

depleted and fish migrate from the coast or experience mass mortality.

The SubAntarctic Water Mass (SAAW) has a higher density than the South-tropical Water Mass (STW),
and when these two water masses converge to the coast, the STW takes place on the surface. The flow of
the SAAW is equatorward and has two branches: the oceanic and coastal current, jointly referred to as the
Humboldt Current System. Usually, this water masses moves between 0 to 300 m deep along the coast,
with some temperature and salinity changes due to the exchange of heat and water vapor with the
atmosphere. The Equatorial Subsurface Water mass (ESSW) is a poleward flow characterized by low
temperature and medium level salinity. The relevant feature of this water is its low content of dissolved
oxygen (less than 1 ml/l). The oxygen is depleted by remineralization of organic matter produced as
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detritus that "rains" from the euphotic zone. Respiration processes consume the dissolved oxygen and
produce new nutrients or oxidative nutrients, distributing them along the coast during an upwelling event.
This water mass is responsible for the elevated primary production on coastal waters.

On the coastal zone, the SAAW water dominates throughout the year. From 22° S and during the
summer, the STW spreads causing the thinning of the SAAW as a coastal current. During “El Nifio” events
the STW may reach the coastline, producing several ecological changes as discussed in a next section.

2.4 Temperature and Salinity

Blanco et al (2001) for the northern Chile describe the seasonal patterns of surface temperature, salinity and
the depth of 15°C isotherm. Their study showed that surface temperature and salinity have strong annual
cycles with maximum offshore values in the summer (>24°C and 35.3 psu) and minimum values during winter
(16-17°C and 34.8-35.0 psu) (Figure 5). Within 100 km of the coast, isopleths are generally parallel to the
shore even during winter because of upwelling of cooler, less saline subsurface water. This upwelling
moderates the annual cycle of both temperature and salinity near shore. Within 100 km of the coast, summer
minimum temperatures and salinity are 19-30°S and 34.8-34.9 psu, respectively, and winter values are 16-
17°C and salinity 34.8-34.9 psu. The cross-shelf gradients of both temperature and salinity are maximum
during the summer and decrease from north to south. Offshore of the coastal upwelling influence area (west of
~72°W) the temperature and salinity isopleths run perpendicular to the coast as a response to the latitudinal
gradients in solar heating. The 15°C isotherm get deeper offshore and slopes upward toward the coast in all
seasons, reflecting the year-round upwelling.

The vertical structure of temperature (Figure 6) shows that vertical stratification is maximum in summer, and
weakest in winter. Near -surface isotherms (>14°C) tilt upward towards the coast throughout the year, in
response to the continuous upwelling-favorable winds. Below 150 m, isotherms deepen as they approach the
coast indicating the poleward geostrophic flow associated with the undercurrent.
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Figure 5. Seasonal climatologies of (a) sea surface temperature (SST), (b) surface salinity (S), and (c) 15°C
isotherm depth (Z1s), from Blanco et al (2001).
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Figure 6. Seasonal climatologies of cross-shelf vertical temperature structure (°C) at Arica, Iquique and

Antofagasta.

The vertical salinity structure (first 800 m) is determined by the distribution of four principal water masses in
northern Chile (AIW, ESSW, SAW, and STW). The freshest water mass is influenced by AIW, which is defined
by a salinity minimum at a mean depth of 700 m. Between 100 and 300 m adjacent to the coast a salinity
maximum is associated to the ESSW. A relative salinity minimum located above and offshore of ESSW is
modified by SAW. Highest salinities are found offshore in STW. This higher salinity water (>35.1 psu), is
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present in the surface water offshore in summer and fall and seen as a wedge of warm, salinity water at the
surface, extending southward and toward the coast, with minimum presence in winter. Salinities in the upper
50 m indicate that upwelling brings water with lower salinity to the surface near the coast throughout the year,
but is weaker in winter. Upwelled water is either ESSW or SAW or a combination of the two.
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Figure 7. Seasonal climatologies of cross-shelf vertical salinity structure at Arica, Iquique and Antofagasta.
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2.5 Circulation

The HCS present a net transport of 11.04 Sv to the north; calculated from the Caldera to Easter Island transect
(Fuenzalida et al 2002). The geostrophic circulation relative to 2500 db presents the greatest velocity between
surface and 1000 m, with alternated flux in north and south directions, typical of the dynamics of South Pacific
Ocean. Below 1000 m the flux is slower and predominant to the pole. The general circulation pattern derived
from geostrophic measurements is consistent with direct current measurements obtained by Shaffer et al.
(1995) through the deployment of through the deployment of deep current-meters in the offshore area of
Coquimbo.

The poleward flow of the Undercurrent Peru-Chile (220 m) has an average velocity of 12.8 cm/s. The Antarctic
Intermediate Water (750 m) flows in direction to the equator with a velocity of 1.1 m/s. The flow directed to the
Pole near the bottom is stronger in Spring and decreases and weakens in the Winter. Near the bottom (750
m), the seasonal variability is less intense. However, in the water column the interannual variability along the
Chilean coast is strong (Shaffer et al 1999).

2.6 Upwelling

The favorable wind for upwelling causes that the Equatorial Subsurface Water (ESSW) is upwelled to the
photic zone from depths even deeper than 200 m near the coast (Strub et al 1998, Blanco et al 2001). The
ESSW contains large concentrations of nutrients which has the potential to promote high productivity in coastal
waters (Marin et al., 1993; Escribano and Hidalgo, 2000).

The intensity of the upwelling along the coast is not only because of the wind stress, but also due to
topographic effects. In general the local topography and/or the geometry of the coast have an important effect
over the current along the coast, which can induce or change the upwelling (Figueroa and Moffat 2000,
Atkinson et al 2002).

In northern Chile, one of the main center of upwelling is localized offshore Antofagasta (23°S) (Blanco et al
2001, Escribano and Hidalgo 1998, Sobarzo and Figueroa 2001, Morales et al. 2001). Additionally to physical
oceanographic studies in this area some studies on primary productivity (Morales et al. 1996, Morales et al.
2001, Thomas et al. 2000, Marin et al., 1993) and secondary productivity of zooplankton are also available
(Escribano and McLaren 1999, Morales et al. 1997); the same as studies done in anomalous periods of El
Nifio and La Nifia (Ulloa et al. 2001; Gonzalez et al. 2000; Escribano and Hidalgo, 2001, Blanco et al. 2002).
Morales et al. (1997), Escribano and Hidalgo (2000) and Marin et al. (2001) mention a favorable area for
larval retention in the circulation pattern. No studies on circulation have been done, but some based in
geostrophy type of analysis were done in the passed decade (Silva and Sievers 1991, only to mention one).
The dominant circulation near the coast is controlled by baroclinic and barotropic factors, whose combined
effects have not been analyzed yet.

The south-center zone of Chile is dominated by coastal upwelling induced by wind and has a strong seasonal
pattern. The zone also receive contribution of freshwater by rivers and onshore intrusion of eddies. The
contribution of freshwater produces a strong stratification in summer. In some places the wind is not able to
destroy the stratification during the upwelling process and the upwelled water do not reach the surface
(Atkinson et al. 2002, Davila et al. 2002).
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2.7 Coastal Trapped Waves (CTW)

The first measurement of free coastal trapped waves in the eastern limit of the HCS was made by Shaffer et
al. (1995, 1997). During the El Nifio event 1991-1992 (moderate event) free CTW with periods of ~ 50 days
were recorded. Several flow inversions with Pole direction occurred above the continental shelf. This flow
reached a velocity of about 12 cm/s. These waves, originated as Kelvin equatorial waves, were forced by a
series of pulses of the west wind in the Equatorial Pacific, and are apparently an expression of the Madden-
Julian oscillation in the atmosphere during the beginning of El Nifio (Shaffer et al. 1999, Pizarro et al. 2001).
Similar changes in the flow direction are reported by Blanco et al. (2002) for EI Nifio 1997-1998, observe
through geostrophy. The presence of CWT are too observed by Hormazabal et al. (2001) offshore of
Valparaiso (33°S), who find which the sea superficial temperature are significantly relation with adjusted sea
level, consequently, with the CWT.

In general the intra-seasonal variability associated with the CWT is weaker during the winter but stronger
during El Nifio and weaker during La Nifia event (Shaffer et al. 1999). To south of 20°S a portion of intra-
seasonally variation is forced by local wind associated with atmospheric teleconnection (Hormazabal et al.
2002).

This oscillation of low frequency have the capacity of change the mean deep of the coastal
thermocline/nutricline, and modulate the effectiveness of nutrients pumping in the euphotic zone during the
local upwelling events, whit the consequent change in productivity in the coastal zone (Morales et al. 2001,
Rutllant and Montecino 2002).

2.8 Eddies de mesoscale

The mesoscale eddies are responsible of energy transport from and to the coast, and the larval retentions or
dispersion. Offshore the coastal of Chile this eddies have been mentioned by various authors (Silva and
Sievers 1981, Barbiery et al. 1987, Fonseca and Farias, 1987 between others), who observed eddies using
data from oceanographic cruise or data of sea surface temperature from satellite, for example, in Talcahuano
zone the work of Caceres (1992) and in Antofagasta zone the work of Sobarzo and Figueroa (2001). Using
altimetry data Blanco et al. (1998) and Pizarro et al. (2000) observed and described some mesoscale eddies
in the zone between Peru and north of Chile. Continue this idea, Narvaez (2000) analyze to the northern off
Chile the information of lot oceanographic cruise and images of the sea level from satellite, in this work he
describe the principal characteristic and recurrence. The horizontal scale of this eddies is approximated of 150
Km, and in the vertical over 600 m of depth. The displacements of them is in direction south or west depend of
period of year, reach velocity of the order of 3 and Km by day as maximum in the period of winter.
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3. CHEMISTRY AND RELATED PROCESSES

3.1 Dissolved Oxygen

As shows in the Figure 8, the vertical structure oxygen concentration in the zone north of Chile are
characterize by strong gradient in the first 100 m of deep during the year, from concentration >5 ml/l to 1 ml/l.
Below the depth of 1ml/l the concentration decrease to valor <0.25 ml/l. The oxygenated thickness layer in
surface is more deep offshore and decreases the think to coast, by the action of continuous upwelling in the
zone. The layer with concentration minor of 0.5 ml/l are know as oxygen minimum layer, and dominate the
water column from 100 to 450 m, and is associated with ESSW.
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Figure 8. Seasonal climatologies of cross-shelf vertical oxygen structure (ml/l) at Arica, Iquique and Antofagasta.
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The upper limit of oxygen minimum layer coincide with the oxycline, this present a great vertical variability intra
and interannual associated with dynamic process in the system. According to time serial data obtain in the
northern of Chile (1980-1997; JGOFS and FONDAP-Humboldt projects), the oxycline is located in 50 m of
depth in the coast, and at oceanic waters in 100 m. However, this limit has been detected in shallower waters
at 10 m during strong ENSO, as the event 1997-1998.

The upper limit of oxygen minimum layer coincide with the oxycline, this present a great vertical variability intra
and inter-annual associated with dynamic process in the system. According to time serial data obtain in the
northern of Chile (1980-1997; JGOFS and FONDAP-Humboldt projects), the oxycline is located in 50 m of
depth in the coast, and at oceanic waters in 100 m. However, this limit has been detected in shallower waters
at 10 m during strong ENSO, as the event 1997-1998. This characteristic impact over the structure and
dynamics of the pelagic and benthonic communities, as well in the biogeochemistry cycles a regional level.
The Figure 9 is the presentation of the effect of El Nifio over oxygen minimum layer and their influence in the
system, in normal conditions the water mass ESSW upward to surface in the coast transport to surface layer
nutrients and favored of gases interchange between atmosphere and ocean.
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Figure 9. Transversal representation of the vertical displacement of oxygen minimum layer in northern zone of
Chile, as consequence of El Nifio and their influence in the nutrient contribution to surface layers and
gaseous interchange ocean-atmosphere ASAAS: Subantarctic Superficial Water; ASTS: Subtropical
Superficial Water; AESS: Equatorial Subsuperficial Water. (Modify from Gallardo et al. 2001).
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4. PLANKTON

41 Bacterioplankton

The high fish production in upwelling systems has been primarily associated with recurrent upwelling pulses
and to the predominance of short, thermodynamically efficient food chains (Ryther 1969, Ryther et al., 1971).
This early view, based on a simplified structure and functioning of food chain in upwelling systems, is now
under revision. Central to this has been a re-evaluation of the importance of bacteria in a variety of marine
environments (McManus & Peterson 1988). Bacterioplankton constitutes an important fraction of the total
carbon biomass in pelagic ecosystems. In oligotrophic waters bacterial biomass can be 2-3 times more
abundant than phytoplankton (Cho & Azam, 1990) and in meso and eutrophic environments 0.5 to 2 times
greater (Azam et al., 1983). Bacteria are an important pelagic mineralizer of organic matter. It has been
reported that depending on environmental conditions, bacterial secondary production (BSP), as a percentage
of primary production (PP), can fluctuate between 2 to 1101% (Andrews & Williams 1971, Sieburth et al. 1977,
Hagstrom et al. 1979, Fuhrman & Azam 1982, and see references in Table 1). This may represent an
underestimation as most of the estimates of BSP/PP % do not take into consideration that bacterial activity
continues at night (Mc Manus & Peterson 1988).

Watson (1978) estimated ocean global production to be 25-75 gC m-2 y-1 for open ocean areas, 100 gC m-2
y-1 for coastal areas and up to 300 gC m-2 y-1 for upwelling ecosystems. Higher values of 1 kg C m-2 yr-1
and 0.93 kg C m-2 yr-1 have been estimated for the Peruvian upwelling (Walsh 1981) and for the southern
Chilean upwelling (Daneri et al., 2000), respectively. While the PP in oligotrophic areas depends mostly on
regenerated (NH3-based) nitrogen in upwelling, or highly productive coastal areas, PP is mainly supported by
the injection of NO3 into the photic layer. New production in highly productive ecosystems is typically of the
order of 50-70% of the total production, indicating the dependence of primary production on nutrients advected
from subsurface waters. Although in these productive areas dependence of PP on epipelagically produced
nutrients is not as critical as in oligotrophic areas, absolute rates of nutrient regeneration by the heterotrophic
community are not insignificant (Carmen Morales pers. comm.). It is now accepted that a high proportion of the
organic carbon produced by the phytoplankton may flow through the bacteria in a variety of marine
environments including upwelling areas. A significant amount of carbon flowing through the bacterioplankton
may imply that the carrying capacity for fish in upwelling ecosystems is considerably less than that which may
be anticipated for a simple herbivore-dominated food chain (Newell & Turley, 1987).

Bacterial production and abundance in coastal upwelling ecosystems is similar to that reported for other
coastal environments and seems to be closely coupled to upwelling cycles (Field et al. 1980, Zimmermann et
al. 1980, Gocke et al. 1983, Rheinheimer & Schmaljohann 1983, Hanson et al. 1986, McManus & Peterson
1988). In the Humboldt Current System BSP has been shown to increase a few days after the peak of PP
(McManus & Peterson 1988). McManus & Peterson (1988) showed that PP was lowest during periods of
active upwelling and highest during subsequent periods of calm or light northerly winds with BSP showing the
greatest increase one or two days after the peak in phytoplankton production. A similar decoupling between
PP and BSP has been reported by Painting et al. (1993) for the Benguela upwelling.
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A more comprehensive understanding on the role that bacteria play in the HCLME can be found in Troncoso et
al. in press. Troncoso et al studied the relationship between bacterial production and abundance and
phytoplankton biomass and production in three upwelling ecosystems in the Humboldt Currents System (HCS)
off Chile (Antofagasta, 23°S, Coquimbo 30°S and Concepcion 36°S). Based on estimated bacterial growth
yields, the total carbon flux through the bacteria was assessed under a range of environmental conditions.
Troncoso et al. data show that bacteria constitute one of the most fundamental component of the pelagic
planktonic community in upwelling ecosystems in the Humboldt currents system (HCS) off Chile. With the
exception of Bacterial Secondary Production (BSP) values measured in the Coquimbo upwelling system, the
upper values of BSP reported for the HCS are greater than any reported in the literature for a variety of
marine environments (Brown et al. 1991, Kirchman et al. 1995, Weibing et al. 1997, Lochte et al. 1997,
Pomroy & Joint, 1999, Shiah et al. 2000). A value of ca 5 g C m-2 d-1 measured in Antofagasta is possibly the
highest value of BSP ever reported in the literature. These findings are not unexpected as the Humboldt
Currents System (HCS) constitutes one of the most productive large marine ecosystems and is consistent with
the fact that the highest values of primary production (PP) have been reported in the area (Daneri et al. 2000).

Troncoso et al. in press also reported significant latitudinal, seasonal and coast to offshore differences in the
levels of bacterial activity. Highest BSP values have been measured in the Antofagasta upwelling area while
the lowest BSP values have been recorded in the Coquimbo upwelling area. The levels of BSP are higher
during the spring and summer as a consequence of increased upwelling during this period which is associated
to the seasonal strengthening of the Pacific Anticyclone. During the winter a weakening of the Pacific
anticyclone coupled with a reduced light field results in a decrease in the productivity of the system which has
been reflected in overall two to five fold drops in primary production and four to six fold drops in BSP
(Troncoso et al in press). In general BSP is two to five fold higher inshore than offshore in the HCLME
(Troncoso et al in press) although under more oligotrophic conditions, such as those encountered during the
winter or in less productive areas such as the Coquimbo upwelling area, the coast to offshore gradient in BSP
become less pronounced.

Interannual variations in bacterial productivity were also reported by Troncoso et al. During January 1997 the
Antofagasta upwelling area suffered an anomalous decrease in winds favoring upwelling. These more
quiescent upwelling conditions have been characterized as pre-El Nifio conditions that resulted in and overall
drop in both PP (Daneri et al. 2000) and bacterial secondary production (Troncoso et al. in press).

The fundamental role play by bacteria in the HCLME can be assessed from the very significant fraction of the
organic matter produced by phytoplankton activity that is being channeled through the bacteria in the HCS off
Chile. The proportion of carbon utilized by bacteria, taken as a percentage of PP, range from 16% to 96% (ca.
63%-96% in Antofagasta, 16%-34% in Coquimbo and 10%-24% in Concepcidn). Assuming a conservative
bacterial growth yield of 0.25 (Daneri et al. 1994), the overall carbon utilization by bacteria often seems to be in
or excess of the in situ PP. These results are in agreement with reported data for other upwelling systems
(Brown et al. 1991, Ducklow 1993, Weibinga et al. 1997) and for the Concepcion shelf upwelling area
(McManus & Peterson 1988) and confirm the view that bacteria are an important component of upwelling
ecosystems capable of processing an important fraction of the organic carbon fixed by algal activity.
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4.2 Phytoplankton

Rivera (1995) indicated in Chile are known 84 generous and 563 species of diatoms of marine phytoplankton,
bur only 14% of generous have a taxonomic review update. Of dinoflagellate are 42 generous and 295
species, with 26% of the generous with a taxonomic review update. In referent to the silicoflagellates indicate
is know 2 generous with 5 species. In this valor's are include the phytoplankton from the Humboldt Current,
Oceanic Islands, Horn Cape Current and fjords of Chile.

The phytoplankton in the coast in the northern of Chile are species typical from upwelling systems, diatoms
bigger and dinoflagellate, find around of 200 species from 5 taxonomic groups. The diatoms are dominant in
coast zone (< 10 nm) and in the oceanic zone the dinoflagellate (Avaria & Mufioz 1983). The diatoms more
numerical dominant are: Leptocylindrus, Rhizosolenia, Detonula, Nitzschia, Chaetoceros and Skeletonema,
while of dinoflagellate dominant are: Ceratium, Prorocentrum and Gymnoduniu. In the Center of Chile the
bigger diatoms are more abundant during the year.

4.3 Red tides and harmful algal blooms

In a global scale during the last three decades a notorious increase of Red Tides or Harmful Algal Blooms
(HAB) has been reported in frecuency, intensity and geographical wide spread. A HAB phenomenon is an
increase of harmful algae, toxic for to human beings and marine biota. Direct effects of HAB at the human
scale are intoxications, allergic reactions by inhalation of toxic compounds and at the ecosystem level an
increase in massive mortalities of marine organisms in the natural environment, and alterations of the structure
of marine habitat has been reported.

In the Chilean marine ecosystem during the 2000 and 2001 a sudden increase in HAB phenomena has been
observed, but only in the inner sea of Chiloé Island. The increase was associated to Alexandrium catenella a
dinoflagellate responsible for the production of a parallytic toxin and the other organisms is the diatom
Pseudonitzschia spp producer of an amnesic toxin (Guzman et al. 2002, Suarez-Isla et al., 2002). In the rest
of the Chilean coast, HABs has been detected scarcely in northern Chile, between regions | and IV associated
to the diatom Pseudonitzschia spp without impact on human beings or the regional economy (Cérdova et al.,
2001). A different scenario was described by Guzman et al. (2002) for southern Chile between latitude 43° and
55° where the toxic dinoflagellate A. catenella had a huge impact on the health and economic system.

Although those toxic species has been observed in inner seas, channels and fjords, does not exist enough
information to discriminate the origin of this blooms. A single reference had the hypothesis about the oceanic
origin of HAB but for the hemolytic dinoflagellate Gymmodinium sp (Clement et al., 2001) a phytoplanktonic
specie with different ecophysiological fitness, so the question is still open and must be taken in account by any
ecological research program.

The diatoms, such as Pseudonitzschia spp, are organisms with a size higher than 20 um, this size require a
specific environment in order to achieve an adequate ecophysiological fitness and factors like a continuous
supply of nutrients and light, specially in upwelling areas are critical (Montecino & Quioroz, 2000), at the same
time and due to the physical characteristics of upwelling ecosystems, diatoms presents high abundance levels
in a wide geographical scale from the coast to 200 km (Pizarro et al, 2000). This diatoms have not been
involved causing a severe impact on public health and economic activities, however it is not clear their toxicity
potential and the environmental factors that trigger and regulate the ecological dynamic of this blooms.
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Several ecophysiological studies on diatoms indicate that they are cosmopolitan organisms, with a high
tolerance for different temperature and salinity regimes. Increase his toxin production associated to several
factors like nutrient limitation, mainly phosphate and silicate, high nitrate concentrations and an adequate
supply of iron. Some physical constrains has been cited in order to turn a harmless diatom in a toxic
phytoplankter, been one of the main factors its cellular size. In this sense a diatom will be toxic only if it has a
minimum size threshold which can be happen in several years. In this scenario the diatom P. delicatissima
was toxic only in Canada, but now is harmful in New Zealand and Denmark too.

From an ecophysiological point of view for the diatom P. delicatissima severas questions remain open like the
life cycle, the places where the diatoms rest as cysts; the resilience time for those cysts in winter time are big
goals. From this information it is clear that the HAB problem must be focused through studies of events that
occur in the mesospatial scale and in the short time scale that affect the species’s ecophysiology and trigger
the toxin production.

The presence of toxic phytoplankter in the inner sea of Chiloé Island only between 2000 and 2001 and the
relative scarcity of HABs in the rest of the Chilean coast, is an enigma if we compare with other large
ecosystems like the Benguela Current in South Africa and the California Current in USA, where HAB are
ubiquitous processes. The possibility to understand this enigma is to establish a comparative research
program in order to connect the ecophysiology of the diatoms and other toxic phytoplankters. This is the main
scope of the Science Plan GEOHAB (2001) where the comparison between ecosystems is a master piece of
research.

In this scenario the presence of toxic phytoplankton in the HCLME suggest that the ecological factors that
trigger and regulate these processes are related with physical processes like turbulence and the response of
phytoplankton to nutrient and trace metals supply. By the other side the low impact and comparative
distribution of HAB in the HCLME on respect other upwelling ecosystems, is indicative that the evolutive
convergence of ecophysiological (i.e. life strategies, trophic characteristics) and morphological (i.e.
allometrics) features of phytoplanktonic species had been functioning in different ways in order to achieve an
adaptative fitness to the ecosystem, driving to life styles or functional groups with a virtual absence of toxic
species.

4.4 Zooplankton

Palma and Kaiser (1993) made a review of marine zooplankton in Chilean waters and include a list of papers
of zooplankton in the Chilean coastal before 1993. This papers are write mainly about distribution and
systematic of zooplankton, this paper are concentrate in state larval and larval development of crustacean,
mollusk and fish (64 papers) (Table 2).

After 1993 the productivity in zooplankton increase by the return to Chile of investigators that made graduate
study (masters and doctoral), and the increase of national and international funds to made research in
biological oceanography, in dynamic and biological process. The main contributions are made by the projects
as JGOFS, FONDAP-Humboldt, and FONDECY projects, which study the ecosystem an integrated vision,
including physical and chemical parameters.

19

MODULO 1. PRODUCCION Y VARIABILIDAD AMBIENTAL



7\

Ua=13]

PROYECTO REGIONAL MANEJO INTEGRADO DEL GRAN ECOSISTEMA MARINO DE LA CORRIENTE DE HUMBOLDT

Table 2. Numbers of papers made in zooplankton before 1993 (from Palma & Kaiser, 1993).
Group N° Papers
Larvae 43
Icthioplankton 24
Poliquetos 23
Copepods 16
Quetognatos 6
Medusas 5
Euphausids 4
Foraminifers 4
Siphonophors 4
Anfipods 2
Ctenophoros 2
Salpas 1

The groups more study are the copepods (Heinrinch 1973, Vidal, 1975, Hidalgo and Escribano, 2001, Rosales
and Sepulveda 1992), and the euphausids (Antezana, 1978, Fernandez et al 2002). Near of 50 copepod
species are know in HCLME, and the more dominant in number are: Calanus chilensis, Centropages
brachiatus, Paracalanus parvus and Eucalanus inerme, from these species C. chilensis is endemic and C.
brachiatus and P. parvus are cosmopolites species, with a long distribution in all coast of Chile. In the central
zone of Chile Rosales and Sepulva (1992) determinate as coastal species (inside of 10 nm from de coast) to
Ctenocalanus vanus, Pleuromamma xiphias, Centropages brachiatus, Lucicutia flavicornis, Haloptilus
longicornis 'y Acartia tonsa, while Candancia curta, Gaetanus minor, Phyllopus helgae, Scolecithricella
marginata, Clausocalanus furcatus and Calanus tenuicorni are oceanic species with abundance high in
distance great that 10 nm from the coast.

Euphausia mucronata is an endemic species of euphausids highly abundant with a extend distribution
associated to minimum oxygen layer (Antezana 1978). In the northern zone of Chile in the upwelling center
this species have bigger abundance and increase during the El Nifio events (Escribano et al 2000). Another
abundance species with increases during El Nifio events is E. eximia (Antezana 1978, Gonzalez et al. 2000).

After copepods and euphausids, the gelatinous have received the attention in the research, principally the
ctenophorous and siphonophorous, with emphasis in studies over taxonomy, distribution, and abundance
(Palma, 1973, 1977, 1984, 1986, 1994). Gonzalez et al (2000) find a big variation in abundance between
seasons in northern of Chile. In the central region of Chile Palma and Rosales (1995) identify 45 species while
hydrozoa (17), siphonophorous (12), ctenophorous (4), chaetognaths (10) and salps (2), the dominant are
Muggiaea atlantica, Obelia spp., Phialidium spp., Sagitta bierii, S. enflata and Thalia democratica. These
species present a seasonal distribution with more abundance en summer (December to January, T.
democratica only are present from November to March.

More recently Aravena and Palma (2002) publish a taxonomic identification of 15 species of appendicularians
off northern Chile, the dominants species are: Oikopleura longicauda, O. gracilis, O. albicans, O. cophocerca
Fritillaria pellucida typical, F. pellucida omani and F. venusta. Vargas (in review) review the importance in the
biogeochemistry cycles of this group in the HCMLE, determinate the relevance and the necessity of made
more study to understand the role in the energetic transfers from the surface layer to the deep layers.
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5. ENVIRONMENTAL VARIABILITY AND FISHERIES

5.1 El Nino and La Nina

Climate changes in physical oceanographic variables have been clearly linked with oceanic ecosystem
changes on many temporal and spatial scales. This physical forcing is especially obvious on seasonal (and
shorter) timescales where variations in sea-surface temperature (SST) and upwelling, for example, strongly
influence productivity, growth and migration patterns. This forcing is also evident on interannual timescales
associated with ENSO events (El Nifio and La Nifia episodes), when the Southeastern Pacific is remotely
forced by the concomitant oceanic and atmospheric teleconnections.

The mechanisms by which physical forcing affects oceanic ecosystems range from those associated with the
smallest scales of dissipation, turbulent mixing and diffusion, to those acting on the mesoscale associated with
fronts, eddies, and upwelling, to those operating on the basin scale associated with gyres, El Nifio, and the
thermohaline convective circulation (Denman et al. 1996). The regional and local manifestations of this
physical forcing on the biology can occur instantaneously or with a time delay.

Among the most important physical oceanographic variables that can influence marine populations are sea
surface temperature (SST), mixed-layer depth (MLD), thermocline depth, upwelling strength, and upper-ocean
current fields. These physical environmental changes occurring in the ocean affect viruses, bacterioplankton,
phytoplankton and so on up to whales. Correlations between these physical variables and long-term changes
in ecosystems have routinely been identified, but the specific mechanisms involved are usually difficult to
elucidate. The challenge is to understand the mechanisms of the responses to these instantaneous and
delayed physical environmental changes and the various modes of significant feedback through the trophic
web. The basin-scale nature of climate change appears to organize patterns of response in fishery resource
populations. In fact, it is known that sardine populations at basin scale seem to be teleconnected in terms of
cycles of high and low abundance as well as inversely correlated to other fish species such as anchovy and
herring (Schwartzlose et al. 1999).

Over the past decade and a half, earlier beliefs in an essential stability of marine ecosystems have been
largely displaced by a growing appreciation of the importance of large-amplitude low frequency variability
occurring in many regions of the world’'s oceans. For example, Roemmich and McGowan (1995) reported a
70% decrease in zooplankton biomass in the California Current since the 1950s, along with corresponding
drastic declines in certain seabird species. A very sharp 60%-70% decline in zooplankton biomass off Peru in
the mid-1970s, following the collapse of the anchoveta, was also reported (Carrasco and Lozano, 1989; Loeb
and Rojas, 1988; Alheit and Bernal, 1993). Remarkably, a significant component of this mode of variability
appears, at least in the period of the 1970s and 1980s, to have been synchronized over very large spatial
scales (Kawasaki 1983; Lluch-Belda et al. 1989, 1992). Accordingly, some manner of linkage via large-scale
climatic (atmospheric) teleconnections would appear to be a logical necessity.

This mode of low frequency variability seems often to take on the appearance of periods of relative stability
over time scales of one to several decades which are interspersed by comparatively sudden “regime shifts”.
These regime shifts tend to be characterized by radical expansions or contractions of occupied habitat of
important populations and/or by replacement of one dominant species of fish by another. The question of how
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to properly account for regime shifts in fisheries management and endangered species protection has become
a major issue. In relation to the Humboldt Current System, regime shifts have been detected to take place in
the late 1960s and mid 1980s (R. Serra pers. Comm).

Like in other upwelling systems which are pulsed, the biota in the Humboldt ecosystem are generally well
adapted to the inherent variability in physical forcing on seasonal and shorter time scales. The biota are,
however, less well adapted to sustained major events or changes which occur less frequently i.e. every
several years or even over decades. Accordingly, we provide only abridged comments on aspects of small-
scale and seasonal variability, and focus most of the discussion on the "catastrophic" occurrences which have
system-wide impacts. We also highlight some long-term and decadal changes which have been observed in
the system.

A major issue is how to link this climatic variability to the biological populations involved. It has been suggested
three classes of processes that tend to determine favorable reproductive habitats for fish stocks, which are:
a) Enrichment processes: upwelling, mixing, Ekman divergence and cyclonic eddy formation.

b) Concentration processes: convergent frontal formation, Ekman convergence, lack of dispersion by
turbulent mixing processes (Lasker’s stability hypothesis).

c) Retention processes: lack of offshore transport in Ekman field, availability of enclosed gyral
circulations, and stability of current patterns to which life cycles are adapted.

Beside this processes food and temperature has been thought to be also key factors (Schwartzlose et al,
1999).
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6.

ISSUES AND GAPS IN KNOWLEDGE

There are many issues considered to be relevant for management purposes in the context of a Large Marine
Ecosystem approach and that reflect our major gaps in knowledge. The following processes are suggested to
be key study targets, and they are not presented in an order of priority:

Regimen shifts and interdecadal changes in the HCLME.

Interannual variability up the ENSO cycle. Much work on EI Nifio phenomenon has been carried out,
mostly in the Peruvian system (Amntz and Fahrbach 1996). However how the resources and relevant
community and ecosystem parameters respond to year-to-year variability associated with the cold
and warm regimes of the ENSO cycle is an open question.

The effect of seasonal changes on life cycles and distribution of marine resources, key species and
trophic structure.

To improve the knowledge on the main environmental forcing factors affecting population and
ecosystem dynamics.

The effect of variability of the OMZ for the functioning of the trophic web and distribution and
abundance of resources.

To improve knowledge on mesoscale circulation and other oceanographic features (e.g. eddies,
filaments, jets) relevant to the survival or early life history stages and migration patterns of adults
stocks

Coastal upwelling. This is certainly a key process to understand why the HCS, subjected to a high
fishing pressure, still has the capacity to maintain large biomasses of clupeids, jack mackerel and
other biological resources. Changes in the rate of nutrient pumping by upwelling into the euphotic
zone needs to be understood. Variability of upwelling intensity in both space and time is also relevant
for ecosystem production studies and management

Developing a monitoring program to make reliable estimates of primary production rates and their
variability along the HCS is a quite important task. The monitoring of oceanographic variables
although important is clearly not sufficient to understand ecosystems responses to climate and ENSO
variability and process studies and estimates of rates are key issues.

Biological diversity and trophic interactions are certainly relevant aspects of ecosystem studies. It is
necessary to clearly define biological components and how they connect to each other.

The need to develop integrated models of the HCLME to improve our understanding on the
ecosystem and as a tool to better manage the system.
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