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Abstract. The state of knowledge of primary production (PP) patterns and phytoplankton biomass
in terms of chlorophyll a (Chl a) distribution at several sites off the Chilean coast (north of 30° S,
off 36°S and south of 48° S) is reviewed. As expected from the major control of Eastern Boundary

Currents (EBCs) by physical forcing, PP fields experience great variability with absolute values

and ranges that are consistent with other EBCs.

A comprehensive data set is presented that shows (1) coastal confinement of higher Chl @ con-
centrations and (2) correlation between Chl a versus PP and between specific productivity (PB)
and cell size. Photosynthetic parameters derived from photosynthesis (P) versus irradiance (I)
curves allow comparisons among sites. This characterization will help to test a specific hypothesis
concerning the effect of physical and biological control over phytoplankton ecophysiology on an
appropriate time scale. We seek a process-oriented approach to understand how these processes

will be affected by global climate change.

1. Introduction

In Eastern Boundary Currents (EBCs), physical forcing
plays a major role in primary production (PP) variability
mainly through upwelling processes (Calienes et al. 1985,
Guillén and Calienes 1981, Harrison et al. 1981, Falkowsky
and Wirik 1981, Copin-Montegut and Raimbault 1994), opti-
cal properties of the water column (Prézelin et al. 1991), and
nutrient availability (Martin et al. 1991). Notwithstanding
this, biological features like photo-acclimation (Falkowsky
1994, Montecino and Pizarro 1995), phytoplankton size
structure (Agusti et al. 1987, Chavez 1989, Joint 1991, Quiroz
1997), and predation (herbivory and intensive fisheries)
should also be taken into account in PP control (Boyd and
Smith 1983, Banse 1994).

In the Humboldt Current System (HCS), these studies are
needed because from 115 million metric tons (mmt) year of
marine fish landed globally, Perii and Chile have 9.6 and 7.2
mmt respectively (1996 FAO Annual Report), representing
approximately 15% of this estimate. This is the most produc-
tive EBC for reasons not yet resolved; nevertheless, this
greater fish productivity must be an attribute of the ecosystem
efficiency (Hutchings 1992, fide Strub et al. 1998) associated
with fish larvae retention times and phytoplankton abundance
at the shelf. Despite the well known economic importance of
this ecosystem, primary production and chlorophyll data off
the Chilean coast until the late 1980s are almost lacking.
Morel and Berthon (1989) showed in their chlorophyll maps
(Figure 1) no sampling points off the Chilean coast. Therefore
most of the information on primary production (PP) and
phytoplankton biomass in terms of chlorophyll a (Chl a)
obtained in recent years will be reviewed here

One occasional transect (e.g., Forbergh and Joseph 1963)
and several studies that concentrated on areas around or
within open bays have shown the first results of Chl ¢ meas-
urements mainly off Antofagasta and Concepci6n (Arcos et
al. 1987, Peterson et al. 1988, Gonzalez et al. 1989, Rodri-
guez et al. 1991, Marin et al. 1993). In April-May 1984 sam-
ples for Chl a were obtained from an area between 33° and
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40°S during a cruise of the Instituto de Fomento Pesquero
(IFOP) (Montecino et al. 1986). Further Thomas et al. (1994)
analyzed satellite images of ocean colour (CZCS) and re-
ported limited offshore extension of high pigments in this
upwelling region.

Recently the JGOFS-EBC study, centered at 30°S, allowed
a time series that started in 1992 (Montecino and Pizarro
1995, Montecino et al. 1996). Chl a distribution and associ-
ated oceanographic conditions between 18 and 24°S were
reported by Morales et al. (1996) and found inshore-offshore
heterogeneous distribution of high values of Chl a (>1 pug L)
in the 1993 austral winter, while during spring these values
were confined within 37 km off the coast in association with
the upwelling band.

At 29°S it was found that higher PP occurred during relaxa-
tion rather than during the active upwelling phase in Novem-
ber 1987 and 1988. The sharp transition between those phases
was found to be related to the passage of coastal lows (Rutl-
lant et al. 1993) with surface PP and Chl a fields that were
less structured during the relaxation period.

Upwelling events that occur at several capes and adjacent
bays (Fonseca and Farias 1987) are strongest during spring
and less intense during winter, also showing interannual
variability (Barbieri et al. 1995, Yafiez et al. 1995). Most of
these events are confined to less than 60 km during El Nifio,
with a reduced fertilization effect through the deepening of
the thermocline.

The narrow shelf (10-20 km) of the central-northern part of
the Chilean coast, associated with unresolved fluctuations of
its coastal circulation (Figure 1) and the intensity/frequency of
upwelling, may be responsible for the offshore extent and
persistence of high Chl @ concentration.

Biotic impact of extratropical climate change in these eco-
systems, i.e., an increase of UV radiation, could be hypothe-
sized to be at the appropiate time scale of lesser importance,
at least for the phytoplankton component (Helbling et al.
1993, Montecino and Pizarro 1995), compared with interan-
nual variability. Regime shifts including El Nifio-Southern
Oscillation (ENSO) are extremely difficult to determine with
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Figure 1. Climatological winds (left) and currents (right) during austral winter (June-August) and summer (December-
February) modified from Strub et al., 1998. H = South Pacific High (SEPH), ITCZ = Intertropical Convergence Zone,
hatching = regions of heavy precipitation, WWD = West Wind Drift, PC = Peri Current, PCCC = Peri-Chile Countercurrent,
PUC = Poleward Undercurrent, PCC = Perd Coastal Current, CCC = Chile Coastal Current, and CHC = Cape Horn Current.

confidence in either phytoplankton biomass or photosynthetic
efficiency (Falkowsky 1994).

Contributing to research on climate change requires the
study of the plankton dynamics (Banse 1995). But since
phytoplankton regime shifts cannot be established with the
information that is reviewed here, their detection may well be
replaced by observations at a higher hierarchical level, where
disruption of energy pathways can be reflected (fate of auto-
trophic carbon fixation) despite Banse’s premise.

Offshore extent and duration of the upwelling system and
the frequent small phytoplankton stocks in the short term are
unanswered questions; we don’t know how these structures
will respond to climatic variations on interannual scales.

2. The Eastern Boundary Humboldt Current
System (HCS)

2.1. Atmospheric forcing

The Southeastern Pacific Subtropical Anticyclone or
South-Eastern Pacific High (SEPH) is bounded to the north
by the intertropical convergence zone (ITCZ) and to the south
by the polar front. Associated with the SEPH is a subsidence
inversion at the top of the marine boundary layer. The inter-
section of the inversion and the coastal mountain range sup-
ports the alongshore poleward propagation of coastally

trapped atmospheric waves (coastal lows) with upwell-
ing/relaxation cycles of 3-10 day periods (Rutllant 1994,
1997; Strub et al. 1996).

In a similar way, the thermocline and the narrow shelf sup-
port the poleward propagation of coastally trapped waves that
modulate the local wind-driven upwelling forcing, in particu-
lar during summers and more actively during El Nifio events
(Shaffer et al. 1997).

Between 18° and 35°S, wind-driven seaward Ekman trans-
port and surface mixing are maximum in spring and summer
(Pizarro et al. 1994) and occur with less intensity during
winter. The extension of the upwelling plume is 40-60 km
with filaments reaching 75-125 km. Over the slope, shore-
ward flow occurs between 150 and 250 m, estimated to be the
depth from which water upwells. During wind relaxation the
equatorward coastal current is replaced by a poleward flow
next to the coast. Nevertheless at different latitudes the HCS
is not homogeneous. In fact, the relative homogeneity of the
HCS north of 30°S changes southward because of the gradual
control of the climate by the polar front disturbances during
the austral winter and transition periods. Therefore, between
36° and 38°S, favorable conditions for upwelling occur from
late spring to early fall and circulation patterns result from an
interaction between winds, tides, topography and river inflow
(Strub et al. 1998)
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Dijurfeld (1989) suggests that enhanced mixing processes
during both relaxation and upwelling, may help maintain the
high primary production in the Gulf of Arauco (36°S), Fur-
thermore geostrophic circulation confines waters within the
gulf (inshore side of the shelf) and may also help maintain
high primary production (Strub et al. 1996)

Morales et al. (1996) point out that upwelling events in the
northern Chilean coast appear to be different from those
reported for the nearby Peruvian region in terms of seasonal-
ity, wind pattern, water mass composition, and other biologi-
cal features. These authors also refer to upwelling water to
have an equatorial subsurface origin that has been described
as richer in nutrients, particularly phosphate and silicate com-
pared to subantarctic and subtropical waters. In this area the
mixed layer averages 30-40 m depth offshore to 20-0 m depth
inshore in winter and spring.

El Nifio direct effects are in general more noticeable during
the culmination of the ENSO events in the austral summer.
They derive mainly from the deepening of the thermocline
that results in the upwelling of warmer waters, leading to
anomalies not only in the sea surface temperature but also in
nutrient availability (less) and sea level (higher), with the
disruption of the whole coastal ecosystem. During the austral
winters, indirect effects of events are due to the changes in the
atmospheric forcing in connection with enhanced polar front
activity in north-central Chile due to a weakened SEPH and to
the increase in frequency of the blocking of the westerlies in
high latitudes (Rutllant and Fuenzalida 1991). The enhance-
ment of the polar front activity in north-central Chile leads to
increased coastal low occurrences northward. This phenome-
non, together with the coastal reduction in surface atmos-
pheric pressure, keeps the upwelling-favorable winds at a
similar strength or even slightly stronger than those in average
conditions. Therefore these upwelling-favorable wind events
reach more northern latitudes than normally (Rutllant et al.
1998).

2.2. Coastal confinement of phytoplankton biomass (Chl a)

Off the Chilean coast, most of the available information
about Chl a concentration shows higher values (> 2 ug L'
50 mg m?) within 50 km from the coast (Montecino et al.
1986, Montecino and Pizarro 1995, Morales et al. 1996,
Montecino and G. Pizarro unpublished, G. Pizarro unpub-
lished) (Figure 2). These highest values have aiso been found
at the Peruvian coast in spring and summer but in a more
extended area (<150 km) (Chavez 1995).

Between 18° and 24° S, Morales et al. (1996), have shown
that there were no major differences in the upper 25 m at
coastal areas (<37 km) and in the mean Chl a surface concen-
trations between 1993 winter and spring over the whole re-
gion. In this study, high Chl a offshore has been related to
anticyclonic eddies, while during winter the recycling of the
nitrogen pool was retained close to the euphotic zone by the
existence of the denitrification-nitrification regime in the
underlying waters. Related to phytoplankton sizes they found
higher percentages of the <20 yt fraction in the offshore region
when Chl a is <1 mg m™. In spring the increase in abundance
of the >20 p fraction can be related to advection in the off-
shore and in the nearshore to downwelling, considering a less
turbulent secondary flow.
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Figure 2. The distribution of integrated (/ ) chlorophyll a
with distance from the coast from different studies. Morales
et al. 1996, 18°-24°S winter-spring 1993 (J 0-25 m) ; Monte-
cino et al. 1996, 30°S 1992-1994; Montecino et al. unpub-
lished 33°- 40°S, autumn 1984 ([ euphotic depth).

In all the HCS this coastal confinement is repeated from
the central-south as low as Magallanes (Figure 2). Neverthe-
less seasonality of Chl a surface values of the Thomas et al.
(1994) remote sensing observations has, until now, not had
satisfactory validation.

3. Primary Production Studies

Phytoplankton carbon fixation (PP) has been measured in
the HCS at three sites along the Chilean coast, north of 30° S
and south of 48°S in the fjords area (Montecino et al. 1996, G.
Pizarro, unpublished, Pizarro et al. 1997). Simulated in situ
and in vitro experiments with "“C were performed with sam-
ples from different depths, which were selected on the basis
of light (PAR) extinction coefficients (Kirk 1995) calculated
from a measured light profile within the euphotic zone (Zey).
Also the penetration depth of ultraviolet radiation (Zyvim) has
also been reported for this area (Montecino and Pizarro
1995). Chl a concentrations were measured using both spec-
trophotometry and fluorometry of acetone extract of filtered
samples (Montecino et al. 1996) (Table 1). Photosynthetic
parameters (Jassby and Platt 1976) were obtained from
photosynthesis (P) versus light (I) curves from at least two

Table 1. Integrated minimum and maximum values of daily
primary production and chlorophyll a at different latitudes off
the Chilean coast

Site mg C m? d! mg Chla m?
Antofagasta 310-5500 3-17
Coquimbo 140-2955 8-93
Concepcidn 540-6061*

Fjords/Channels 98-1380 16-91

*mean monthly values
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depths at each station (see 3.2). This information is summa-
rized in Table 2, including data taken in 1989-1991 by Victor
Dellarossa (personal comunication) from the central-south
fishing area off Concepcion.

At 23°S off Antofagasta, the values measured so far are
between 310 and 5500 mg C m? d"' (Pizarro et a.l, 1998). At
30°S (Coquimbo), PP varied also by one order of magnitude
(Montecino et al. 1996 and Table 1) and is comparable to the
range reported for other upwelling systems, i.e., off Perd, with
values from 390 to 2580 mg C m>d! (Chavez, 1995). Coastal
stations off Coquimbo showed that 53% of daily PP variabil-
ity was explained by the depth of the upper mixed layer. This
is related to the effect of this layer on the abundance of the
phytoplankton biomass (Quiroz 1997). Off Concepcidn, aside
from 3 months in the winter, monthly mean values were
higher than 1 g C m? d"! (Victor Dellarossa, personal com-
munication). The lowest PP values were found in the fjord
area, which reached in October 1996 a maximum of 1380 mg
Cm?d" (Table 1).

PP varies greatly over this heterogeneous region, even 100-
200 km offshore. To increase our understanding of PP fields
and underlying explaining mechanisms, the spatial and tem-
poral relationship between Chl a and carbon fixation, the
pattern of the photosynthetic parameters, the correlation
between PB and phytoplankton cell size, and the effect of
ultraviolet radiation will be analyzed below.

3.1. Relationship in space and time between Chl ¢ and PP.

Carbon fixation experiments carried out at 30°S showed a
significant relationship between biomass in mg Chl a m™> and
productivity in mg C m™ h™' (p<0.001) independently of space
(Quiroz 1997), although a more conservative range among
these two parameters can be observed at the oceanic stations
compared to a three orders of magnitude range of variability
at the coastal stations in July 1995, January and July 1996
(Figure 3).
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Figure 3. Spatial relationship of chlorophyll a and carbon
fixation at 30°S, showing most typical values for oceanic
stations and higher variability at coastal areas, modified
from Quiroz, 1997.
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Figure 4. Spatial distribution of photosynthetic parameters
off Coquimbo: (top) vertical distribution of P ma and
(bottom) vertical distribution of Alpha, modified from
Montecino et al. 1996.

3.2 Photosynthetic parameters

Photosynthetic parameters P5,, and Alpha, derived from
the functional relationship between photosynthesis and irradi-
ance (P versus 1), have been used to characterize phytoplank-
ton dynamics. Figure 4 (top) shows the vertical distribution of
PP, that decreases significantly with depth and Fig-
ure 4 (bottom) shows that Alpha does not change in the verti-
cal (Montecino et al. 1996). In relation to | temporal
differences have been found at 30°S (Montecino et al. op. cit);
P did not vary between seasons (6.19 mg C mg Chl a”
h™), probably because of an adjustment of chlorophyll under
deficient nutrient conditions (Figure 5a). Alpha was higher in
autumn/winter (0.068 (mg C mg Chl a' "y (umol m?s™) Y
than in spring/summer (0.031 (mg C mg Chl &' h™") (umol m’
s’l) h (Figure 5b). This change can be related to photoaccli-
mation, i.e., a decrease in the specific absorption coefficient
as a consequence of reduced Chl a per cell. Furthermore,
Alpha has been reported to change less than PP e (Geider
and Osborne, 1992).

The P2, from different latitudes (Table 2) reveal that the
mean lowest value corresponds to the more austral zone.






