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ABSTRACT: Phytoplankton and particulate organic matter constitute the primary food source for adult
filter-feeders, as well as for larval stages of many benthic and pelagic organisms. The structure and
dynamics of nearshore benthic communities may be associated with variation in nearshore primary
production. However, we know little about the scales of variability in phytoplankton in nearshore
waters along open coasts, or about their causes. To characterize spatial and temporal patterns of chl a
concentration, we conducted 2.5 yr of daily, shore-based monitoring at 3 sites separated by 10s of km
within an upwelling region in central Chile. We found that: (1) peaks in chl a concentration were typ-
ically short-lived, persisting no longer than 4 d, (2) blooms occurred in spring to early summer months
at all sites, but also during autumn months at 1 site (Las Cruces), and (3) the intensity and frequency of
blooms were consistently different among sites; highest concentrations were at Las Cruces, lower at El
Quisco, and the lowest at Quintay. Analyses of wind data and surface temperature, and inspection of
Advanced Very High Resolution Radiometer (AVHRR) satellite images, suggested that among-site dif-
ferences were due, at least in part, to alongshore variation in upwelling intensity and the formation of
warm-water pockets or upwelling shadows in sections of the coast, such as Las Cruces. In contrast to
the spatial pattern described offshore and over larger spatial scales, chl a concentrations were signifi-
cantly lower at the coldest site, Quintay, located at the core of an upwelling center (Pta. Curaumilla),
than at the warmer site of Las Cruces, which lies downstream from upwelling. Day-to-day variation in
chl a levels during spring at Las Cruces seems related to the alongshore intrusion of waters upwelled
upstream. Overall, the pattern observed at our 3 sites, together with previous studies at other up-
welling systems, suggests that sections of the coast around 15 to 20 km downstream (equatorward)
from upwelling centers could exhibit consistently higher phytoplankton concentrations than sites lo-
cated in front of upwelling centers, generating a source-sink type of geographic pattern of nearshore
nutrients and phytoplankton along the coast.
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INTRODUCTION and nearshore waters serve as a nursery ground for
larvae of many commercially and biologically impor-
Coastal oceans are among the most productive tant species (Roy et al. 1992, Cole & McGlade 1998).

ecosystems of the world (Lubchenco et al. 1995, Ric- Phytoplankton and particulate organic matter (POM)
ciardi & Bourget 1999). A large biomass of filter feed- in surface waters constitute the primary food source for
ers characterizes most hard- and soft-bottom habitats, both the early life-history phases of many benthic and
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pelagic organisms and the adult filter-feeding organ-
isms that often dominate benthic habitats (Walker et
al. 1987). Field studies have shown that abundance of
phytoplankton and POM can regulate the growth,
overall size and distribution of adult filter feeders in
soft and hard-bottom habitats (Page & Hubbard 1987,
Grebmeier et al. 1988, Duggins et al. 1989, Smaal &
Van Stralen 1990, Bertness et al. 1991, Leichter et al.
1998, Sanford & Menge 2000). In addition, higher
phytoplankton concentrations can lead to increased
development and survival rates of larvae (Barnes 1956,
Hentschel & Emlet 2000). However, except for re-
search conducted in estuarine and fjord systems
(e.g. Demers et al. 1989, Archambault et al. 1999), we
still know little about the spatial and temporal scales
of variability in phytoplankton biomass in nearshore
waters along the open coast, and even less about the
processes causing such variation.

Large and persistent differences in chlorophyll a
(chl a) levels in inshore waters along the open coast
have been documented over regional and continental
scales, like those occurring along the east and west
coasts of Africa (Brown 1992, Bustamante et al. 1995)
and America (Longhurst 1998, Thomas et al. 2001).
These differences are attributed to geographic-scale
differences in nutrient influx, largely caused by dif-
ferences in coastal upwelling (Small & Menzies 1981,
Huyer 1983), with significantly higher nutrient and
chl a levels along the west coasts of the continents
(Longhurst 1998). Patterns of chlorophyll variability
over spatial scales smaller than entire continents or
oceanic regions are much less clear, especially in
nearshore environments. On the one hand, benthic
ecologists have traditionally adhered to the idea of
high spatial homogeneity of alongshore phytoplankton
biomass over spatial scales smaller than 100s of km
and, therefore, the potential of bottom-up effects as
important structuring forces in benthic marine commu-
nities have largely been ignored (Menge 1992). How-
ever, recent studies on the coast of Oregon, USA, have
shown at least short-term differences in nearshore
phytoplankton among sites 10s of km apart, apparently
as a result of meso-scale differences in upwelling
intensity, water retention, or both (Menge et al.
1997a,b). On the other hand, the nearshore dynamics
of nutrients and phytoplankton biomass at upwelling
centers has been described in some detail at only 2
sites, 1 in Oregon and 1 in South Africa (Field et al.
1980, Menge 1997a,b), and for limited periods of time.
These studies have shown that at upwelling centers,
rates of nutrient advection nearshore can sometimes
surpass the rates of phytoplankton assimilation,
leading to phytoplankton-poor waters at the center
of upwelling. This general pattern is contrary to
those described over much larger scales and observed

through satellite images (e.g. Abbott & Zion 1985,
Shannon et al. 1985, Thomas et al. 1994, Thomas
1999), but the generality of the upwelling-nutrient-
phytoplankton dynamics in nearshore environments
is nondescript and, to the best of our knowledge, has
not been examined in most major upwelling regions of
the world.

Like most coasts of the world, the majority of the
knowledge about phytoplankton variability along the
coast of Chile comes from low frequency sampling
conducted during offshore cruises and from analyses
of satellite images. This information has shown that
physical forcing by strong, persistent upwelling con-
ditions drives the influx of nutrients to surface waters,
which then fuels high phytoplankton productivity
(Morales et al. 1996, Strub et al. 1998). Through food-
web interactions, this process results in one of the
world's most biologically productive fisheries (Alheit &
Bernal 1993). Several studies have found elevated
phytoplankton concentrations in surface waters 10s to
100s of km offshore associated to localized upwelling
centers (Thomas et al. 1994, Morales et al. 1996, 2001,
Thomas 1999). Similarly, analyses of SeaWIFS satel-
lite images have shown that seasonal variation in
offshore pigment concentration along central Chile
is correlated with maximum upwelling activity, with
maximal in pigment concentrations and upwelling-
favorable winds during summer (Thomas et al. 1994).
At the scale of individual upwelling events, the few
data available suggest that chl a concentration tends to
increase nearshore during relaxation events following
an initial upwelling pulse (Arcos et al. 1987, Peterson
et al. 1988), a pattern similar to that often described off
the coast of Oregon (Wroblewski 1977). Whether the
spatial and temporal dynamics of phytoplankton bio-
mass in the nearshore waters (<4 km from the shore)
are similar to those reported 10s of km offshore is not
known.

Here we first describe short- and long-term temporal
variation in the nearshore surface chl a concentration
at 3 sites that differed in their proximity to known
centers of upwelling. Second, we explore relationships
between physical forcing and phytoplankton dynam-
ics. To the best of our knowledge, this is the first set
of data that describes the time-space dynamics in
nearshore chl a in the Southeastern Pacific, the most
productive upwelling ecosystem of the world (Alheit &
Bernal 1993, Cury et al. 1998). We answer simple, yet
important, questions regarding spatial and temporal
patterns in phytoplankton abundance in coastal waters
along the central Chilean coast: How long do blooms
last? When do blooms occur and are there consistent
seasonal differences? Are there persistent differences
in concentration and/or synchrony in the timing of
blooms among sites 10s of km apart?
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MATERIALS AND METHODS

Study sites. The central Chilean coast, where our
study sites were located, is characterized by a narrow
continental shelf (e.g. 100 m isobath lies ca. 1 to 5 km
from shore), which broadens slightly from north to
south. Most of the coast is directly exposed to pound-
ing waves, with few protected bays or coves. The
region is dominated by seasonal upwelling and much
of the alongshore variation in surface water tem-
perature, during typically strong southerly winds and
active upwelling, is visible in thermal satellite imagery
such as that presented in Fig. 1 (see also Broitman et
al. 2001, Poulin et al. 2002b). To characterize spatial
variation in phytoplankton biomass within this region,
we selected 3 wave-exposed, open-coast, rocky sites:
Quintay (33°11'S), El Quisco (33°23'S) and Las Cruces
(33°30'S) (Fig. 1). Quintay is located about 15 km to the
south of Punta Curaumilla and forms part of this well-
known upwelling center (Sievers & Silva 1979, John-
son et al. 1980, Fonseca & Farias 1987, Vergara 1991,
1993). Las Cruces is approximately 40 km to the south
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Fig. 1. Location of wave-exposed, rocky intertidal study sites (red stars: Quintay, E1
Quisco, and Las Cruces), which stretch along approximately 30 km of coastline.
Differences in upwelling intensity among sites are visible in AVHRR (Advanced
Very High Resolution Radiometer) thermal imagery. SST: sea surface temperature
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of Quintay, at the northern extreme of Cartagena Bay,
and rarely appears to be directly affected by upwelling
(Broitman et al. 2001, D. Narvaez, S. A. Navarrete &
J. C. Castilla unpubl. data). Roughly 20 km south of Las
Cruces is another well known center of upwelling,
Punta Toro (Arcos & Salamanca 1984, Fonseca & Farias
1987, Bello Mejia 2001). El Quisco is located between
Las Cruces and Quintay, approximately 15 to 20 km
north of Las Cruces (Fig. 1). Based on initial, informal
visual assessment of AVHRR satellite images, we
hypothesized that sites that differed markedly in the
frequency of occurrence or persistence of cold,
upwelled water would likewise differ in phytoplankton
abundance and/or the temporal pattern of chl a con-
centration. Other prominent features within the region
include the presence of the submarine canyon and
the mouth of the Maipo River, which are located about
15 km to the south of Las Cruces and may also play a
role in the productivity of coastal waters.

Chl a concentration. To characterize temporal varia-
tions in phytoplankton biomass in onshore waters, we
took, daily or 3 times per week, shore-based water
samples at the 3 study sites from Jan-
uary 1998 through June 2000. Chl a
measurements were obtained follow-
ing the method described by Menge
et al. (1997b). Three water samples
were taken each time from 20 to
40 cm depth using 3 x 250 ml dark
bottles that were firmly lodged into
a weighted plastic bucket. Immedi-
ately after collection, the water sam-
ple from each bottle was pre-filtered
using a 300 pm mesh to remove
large, organic particles. From each
sample, 100 ml were filtered through
a GF/F Whatman glass fiber filter
using a syringe and inline filter
holder. Filters (3 d! site’!) were
wrapped in aluminum foil and frozen
at —20°C for later laboratory analysis.
Chl a was extracted by soaking filters
in 90% acetone for 20 h in darkness
at 0°C (Parsons et al. 1984). Fluo-
rescence was measured using a
10-AU Turner Designs Fluorometer
and chl a concentration was calcu-
lated after correcting for phaeopig-
ments (US Environmental Protection
Agency method: Arar & Collins 1997).

Daily samples were taken at Las
Cruces and Quintay, while samples
were taken roughly 3 times per week
at El Quisco. Logistic constraints pre-
vented us from sampling regularly at

River
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El Quisco during austral spring and summer 1998-99,
and therefore data from this site are not used in all
comparisons (see ‘Data analysis'). Preliminary data
from various days of hourly sampling during different
seasons of the year at these same sites showed no con-
sistent pattern of within-day variation in chl a concen-
tration (S. A. Navarrete unpubl. data). Therefore, we
arbitrarily chose to simultaneously take samples within
2 h before sunset at all sites.

Physical variables. In order to characterize the phys-
ical environment and shed light onto potential mecha-
nisms driving variation in chl a concentration, we
recorded several physical variables throughout the
study. Surface water temperature was recorded at
20 min intervals with Optic Stowaway® (Onset Com-
puter) submersible temperature dataloggers. Onshore
temperature loggers were placed at approximately 1 m
depth below the lowest low tide at the 3 sites. An addi-
tional onshore temperature logger was deployed at the
site of Matanzas, which forms part of the upwelling
center of Punta Toro (Fig. 1). To obtain more detailed
information on temperature changes and structure in
the water column nearshore at Las Cruces, we also
deployed a series of temperature loggers suspended
from buoyant lines moored approximately 150 m from
shore, where bottom depth was approximately 25 m.
Moored temperature loggers were placed at 3, 7, 14,
and 20 m depth. All data from loggers were down-
loaded roughly every 2 mo. Wind direction and speed
were recorded every 20 min by a Campbell® meteoro-
logical station located at the Estacion Costera de
Investigaciones Marinas (ECIM), Las Cruces. Daily
flow rates of the Maipo River were obtained from the
Ministry of Public Works' Cabimbao station, located
10 km upstream from the mouth of the river.

Data analysis. Overall chl a levels were compared
among sites with a 1-way ANOVA on log-transformed
data, which exhibited approximately normal dis-
tribution and homogeneity of variances, according to
inspection of residuals and Cochran's C-test, respec-
tively. Tukey's multiple comparison test was used to
determine which sites differed significantly from
others. Cross-correlation analyses were calculated to
determine the degree of temporal synchronicity be-
tween sites. These analyses were performed on the
raw data and we used only those days for which we
had data for both of the sites being compared. Bon-
ferroni adjusted confidence intervals were calculated
to adjust for multiple comparisons (see Legendre &
Legendre 1998). To characterize seasonal and other
‘long-term’ trends in chl a at Quintay and Las Cruces,
for which the most complete databases were available,
autocorrelation analyses were performed on time
series after smoothing the data with a 7 d running
average (see Leichter et al. 1998 for similar procedure).

To examine the relationship between physical vari-
ables and chl a concentration at Las Cruces, cross-
correlation analyses were performed on raw data
using: (1) the entire data set, and (2) specific seasons
during which we observed peaks in chl a concentra-
tion. Before these analyses, raw chl a and physical data
were placed on the same temporal scale. Daily aver-
ages of surface water temperature, wind stress, and
Maipo river flow were calculated. Confidence intervals
on cross-correlation analyses are based on white noise
(uncorrelated data).

RESULTS
Temporal and spatial variation in chlorophyll a

Overall chl a levels were significantly different
among sites (Fig. 2), with the lowest levels observed at
Quintay (long-term mean [+SE] = 0.358 + 0.073 pg I},
higher levels at El Quisco (0.533 + 0.164 pg I'!) and
the highest levels at Las Cruces (0.964 + 0.096 pg 1™%).
Chl a levels at Las Cruces were significantly higher
than at the other 2 sites (ANOVA F=99.4, df =2, 1250,
p < 0.0001). Even after removing all the large chl a
peaks observed at Las Cruces, the background con-
centrations were higher overall than at the other 2
sites (Fig. 2c, insert). These long-term average values
conceal (smooth over) much of the among-site differ-
ences.

Seasonal patterns in phytoplankton bloom events
also differed among sites (Fig. 2). At Quintay, peaks
in chl a concentration occurred during austral spring
and summer (September to February) of each year
(Fig. 2a). Within this window of time, blooms occurred
anywhere between early spring and mid summer, and
2.5 yr of data was not sufficient to show statistically
clear seasonality in autocorrelation analysis. At Las
Cruces, spring peaks of short duration were also
observed, but these were less intense, and their timing
more irreqgular, than the autumn bloom events
(Fig. 2¢). During March-April (autumn) of each year,
chl a reached average concentrations of 6 to 8 ug I},
and occasionally reached up to 70 ng I'! (see Fig. 2c).
These fall blooms were observed in 3 consecutive
years in Las Cruces, and the regularity of the peaks
produced a statistically significant annual signal in the
autocorrelation analysis. At El Quisco, an intermediate
pattern of seasonality was observed, with chl a peaks
occurring anytime in spring, summer, and autumn
(Fig. 2b). Large gaps in the data set for this site pre-
vented autocorrelation analysis.

The greatest variability in chl a levels occurred at
the synoptic-scale variability associated with weather
time-scales. Phytoplankton bloom events (peaks in
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Physical variables

There were consistent differences in
onshore daily mean sea surface tem-
perature (SST) among sites (Fig. 4).
Onshore SST was consistently warmer
at Las Cruces (long-term mean + SE =
14.3 £ 0.05), while Quintay was consis-
tently colder (long-term mean + SE =
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12.6 £ 0.06). Mean temperatures at
El Quisco were intermediate between
Quintay and Las Cruces (long-term
mean + SE = 13.2 £ 0.05).

At all sites, a clear seasonal cycle was
observed in SST. In general, autumn
and winter temperatures (April-
August) were low (approx. 12.5°C),
homogeneous across sites and pre-
sented little high frequency (weekly,
daily) variability. Spring and summer
temperatures were generally higher
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(approx. 16°C across sites), but also
presented large high frequency vari-
ability (weekly, daily, hourly), and clear
differences among sites (Fig. 4). The
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largest among-site differences in SST
occurred during spring, when Las
Cruces presented marked seasonal
i warming in contrast to the overall
i colder temperatures at Quintay and
El Quisco (see Fig. 4 inserts).
Most temporal variability in SST was
associated with the synoptic event
time-scale of 3 to 10 d. Some of the
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Fig. 2. Daily chl a concentration at Quintay, El Quisco, and Las Cruces. Each
point is the mean (+SE) of 3 replicate 100 ml water samples taken from the shore

chl a concentration) lasted no more than a few days
(see Fig. 2). Short-term daily variability in chl a levels
did not occur simultaneously at all sites (Fig. 3, non-
significant correlation with zero lag). Instead, the
strength of the correlation and synchrony in timing
varied between sites (Fig. 3). Daily fluctuations in chl
a levels at Las Cruces and El Quisco were correlated
with changes in Quintay with similarly long time lags
of 7-9 and 11 d, respectively. The correlation was
stronger between Quintay and El Quisco (r* = 0.77)
than between Las Cruces and Quintay (r?> = 0.3). Chl a
levels were more synchronous between Las Cruces
and El Quisco (r* = 0.62), with Las Cruces leading
El Quisco by 1 d.

T T T T T
strong, short-term temperature fluc-

tuations were due to wind-driven
coastal upwelling events and subse-
quent drops in SST, as evidenced by
the significant, negative correlations
between wind stress and SST observed
at Las Cruces and Quintay (Fig. 95).
Poulin et al. (2002b) and (D. Narvéez, S. A. Navarrete
& J. C. Castilla unpubl. data) have shown similar pat-
terns for El Quisco. However, the strength of the cor-
relation was markedly higher at Quintay than at Las
Cruces, and the speed of response of SST to up-
welling-favorable wind stress varied across sites.
Almost immediate changes were observed at Quintay
(maximum correlation observed at lags of 1 to 5 d)
and significantly more sluggish responses in SST at
Las Cruces (maximum correlation observed at lags of
2 to 7 d). Differences in the strength and speed of the
response to upwelling-favorable winds led to appar-
ent differences in the frequency of temperature drops
among sites, as shown in Fig. 4. Abrupt drops in

2000
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lagged slightly behind the temperature drops first
observed at Matanzas (Fig. 6b).

Chlorophyll a and physical variables at Las Cruces

The spring-summer phytoplankton blooms observed
at Las Cruces were linked to major upwelling-
relaxation events. During the upwelling season, all
major peaks in chl a occurred concurrent with 2 con-
ditions: the water column presented a strong vertical
gradient in temperature; and surface waters at Las
Cruces had begun to warm after a rapid drop in SST
(see vertical lines in Fig. 6b,c). The initial forcing role
played by southerly winds in the occurrence of these
blooms was evidenced by a positive, significant (albeit
weak) correlation between chl a peaks and wind stress
(maximum correlation of 0.18, significant at lags be-
tween 7 and 9 d). However, more detailed observations
of the immediate physical conditions leading to indi-
vidual events revealed that each peak in chl a con-
centration occurred when upwelling conditions were
followed by periods of relaxation or reversal of strong
alongshore (N to S) winds (Fig. 6a), thus accounting for
the thermal conditions described above. Note, how-
ever, that not all periods presenting these physical
characteristics lead to a bloom, which underscores the

Fig. 3. Cross-correlation function (CCF) of chl a concentra-

tions between (a) Quintay and El Quisco, (b) Las Cruces and

Quintay, and (c) Las Cruces and El Quisco. Dotted lines are
Bonferroni adjusted confidence intervals

surface temperature at Quintay and secondarily at
El Quisco were not always accompanied by similar
rapid cooling events at Las Cruces.

Onshore SST at Matanzas, south of Las Cruces and
part of the Punta Toro upwelling center, closely fol-
lowed the temperature pattern observed at Quintay.
Similar, significantly negative correlation between
wind stress and SST (r> = —0.35) characterized the
temperature time series at Matanzas (lag 0 to 2 d). This
pattern of alongshore variability in upwelling fre-
quency and intensity was also apparent when examin-
ing AVHRR satellite images (see our Fig. 1, Broitman et
al. 2001, Poulin et al. 2002b, D. Narvaez, S. A. Navar-
rete & J. C. Castilla unpubl. data). Following periods of
strong southerly winds (i.e. winds from the south), like
those occurring on 3 November 1999 (Fig. 1), cold
water was observed at Quintay, near Punta Curau-
milla, and at Matanzas, 20 km south of Las Cruces near
Punta Toro. A small plume of cold water was also
observed at El Quisco. Between such cold water
regions, persistent warm water pockets, particularly at
Las Cruces, were visible. In addition, cooling events at
Las Cruces were generally smaller in magnitude and

SST

—— Las Cruces
— Quintay
El Quisco

Fig. 4.

I I
PN

Spring-Summer 1998

Spring-Summer 1999

Time series of mean daily surface water temperature

measured in situ at the Quintay, E1 Quisco, and Las Cruces.
Inserts show sea surface temperature (SST) during upwelling

seasons
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Fig. 5. Cross-correlation function (CCF) of wind and sea sur-
face temperature (SST) at Quintay and Las Cruces. Dotted
lines are 95 % confidence intervals

complexity of the system and suggests that biological
responses to upwelling may vary from one event to
another.

Many of the intense autumn blooms also followed
the pattern of wind and temperature conditions for the
upwelling-relaxation events described above, but the
pattern was less consistent than during spring (Fig. 7).
Nevertheless, there was still a clear relationship be-
tween chl a peaks and reversals in local, alongshore
wind direction (Fig. 7c).

Due to the particularly high concentration of chl a
during some of these autumn blooms, we suspect that
other factors besides upwelling-relaxation, such as
nutrient input from ‘external’ sources, may also be
important in enhancing chl a levels. To examine the
potential nutrient subsidy contributed by the nearby
Maipo River, we looked at the correlation between
river flow and chl a concentration. While it is known
that the Maipo is often nutrient-rich (report by Medio
Ambiente, Ecologia y Salud Publica: Cabrera 2003),
there are no daily data over the period of our study. In
contrast to the repeatability of the autumn chl a peaks,
the seasonal pattern of flow rate of the Maipo River
varied considerably between years (Fig. 7a). During
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Fig. 6. (a) Wind stress values, (b) mean daily onshore sea
surface temperature (SST) for Matanzas and Las Cruces,
(c) mean daily SST at 3, 7, 14, and 20 m from moored temper-
ature loggers, and (d) mean daily chl a concentration at Las
Cruces over the extent of upwelling season (spring-summer)
of 1999. Positive wind velocity values indicate upwelling-
favorable conditions. Note that temperatures at Las Cruces
seem to ‘follow’ Matanzas. Vertical lines indicate peaks in
chl a at Las Cruces

1998, flow rates remained high throughout the sum-
mer, with maximum values reaching 300 m® s™! during
January. In contrast, flow rates were among the lowest
recorded during the same months in the summer of
1999. These differences between summer flows prob-
ably reflect the unusually strong rains during the
1997-98 El Nino year. During the non-El Nino ‘dry’
year (1999), autumn chl a peaks were observed at Las
Cruces, 8 to 9 d after peaks in river flow (r? = 0.55, sig-
nificant at 95%), see Fig. 7b. However, these same
peaks in chl a also closely followed the trend of rapid
wind reversals and warming waters following an
abrupt drop in SST, as described above for the spring-
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time peaks in chl a. Thus, it appears that runoff events
and upwelling-relaxation conditions conspire to pro-
vide high levels of nutrients followed by stratification
and the occurrence of these extreme bloom events.

DISCUSSION

Surprisingly little is known about the scales of varia-
tion in phytoplankton biomass in nearshore environ-
ments, particularly for open coasts. Basic descriptive
studies are scarce even in well-studied regions be-
cause of the short duration of records or limited cruises
conducted during specific conditions or times of the
year. Accounts of daily, or even weekly, variation of
sufficient duration to quantitatively document seasonal
changes are rare, let alone simultaneous records at
more than 1 site along the shore. This deficiency has

lead to a predominant view of spatial homogeneity in
nearshore chl a concentration and reinforced the tradi-
tional view of dominance by seasonal-scale variation.
Here we report a unique data set describing the high-
frequency (daily) and seasonal changes observed over
2.5 yr at multiple sites, which illustrate the dramatic
contrast between nearshore chl a levels within up-
welling centers and more sheltered areas between
upwelling centers. We are unaware of any similar
study of nearshore chl a patterns (daily data and multi-
ple sites) anywhere. This study gains further impor-
tance in that it allows us to characterize temporal and
spatial variability of chl a levels over scales relevant to
other components of nearshore ecosystems. In what
follows we compare these results to those obtained on
other coasts of the world, but for the most part, com-
parisons are limited due to differences in the spatial
and/or temporal extent of the studies.
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The central coast of Chile is dominated by seasonally
variable, wind-driven upwelling that forces cold, nutri-
ent-rich waters into the upper water column (Poulin et
al. 2002a,b, D. Narvaez, S. A. Navarrete & J. C. Castilla
unpubl. data, and see Strub et al. 1998 for review).
Over large spatial scales, satellite (SeaWIFS) measured
chlorophyll shows an offshore annual maximum in
summer for central Chile, which coincides with the
period of maximum upwelling-favorable winds for the
region (Thomas et al. 2001). Our daily, shore-based
measurements confirm a similar seasonal cycle
onshore, with a summer maximum in chl a concentra-
tion occurring in spring-summer at all 3 of our study
sites, which is in phase with seasonal, nearshore wind
forcing and SST variability. However, our results also
show that some sites can deviate significantly from this
seasonal pattern, exhibiting high chl a concentrations
in autumn months. Moreover, results showed persis-
tent differences in overall chl a concentrations among
sites 10s of km apart, with generally lower chl a levels
at sites more strongly affected by upwelling.

Oceanographers have long recognized the localized
nature of coastal upwelling (Currie 1953, Hart & Currie
1960), the major centers of which are often associated
with alongshore variation in topography and coastline
orientation (Jury 1985, Kelly 1985, Wolanski & Hamner
1988, Vergara 1993). The main upwelling centers
within the region of our study, Punta Curaumilla and
Punta Toro, have been previously identified and de-
scribed in the literature (Silva 1973, Fonseca 1977,
Johnson et al. 1980, Fonseca & Farias 1987, Vergara
1991, Bello Mejia 2001), and are clearly visible in ther-
mal AVHRR images, as well as in our in situ tempera-
ture measurements from onshore sites located at the
base of these centers (see records for Matanzas and
Quintay). Like at other large upwelling centers (e.g.
Andrews & Hutchings 1980, Taunton-Clark 1985), the
forcing of equatorward winds was obvious at Matan-
zas and Quintay, where SST responded almost imme-
diately (less than 1 d) to wind stress. In contrast to the
well-documented, positive relationship between cold-
upwelled water and pigment concentrations described
over large spatial scales off the coasts of Chile and
California (e.g. Abbott & Zion 1985, Strub et al. 1991,
Van Camp et al. 1991, Thomas 1999, Thomas et al.
2001), at the smaller time- and space-scales of this
study, we find a strong negative relationship, with
lowest levels of chl a associated with cold water. This
relationship holds true for time scales similar to or
shorter than the time scale of spin-up of phytoplankton
blooms. Thus, newly upwelled water has a very low
chl a content, but water that has been near-surface for
a few days is warmer and exhibits higher levels of
chl a. This relationship is found in both spatial and
temporal patterns. Given the advective nature of wind-

driven upwelling, with export of surface waters from
the nearshore, there is a length scale associated with
the bloom time scale (I = ut, where ut = advection time)
that defines the spatial extent of the cool clear waters
that upwell and move away from upwelling centers.
For example, by taking t of ca. 3 d, cross-shore u
ca. 0.02 m s7!, and alongshore u about one 0.1 m s},
obtains cross-shore I of about 5 km and alongshore I of
about 25 km. The importance of offshore advection
during strong upwelling in central Chile was evident
in the study by Peterson et al. (1988), who described
the offshore displacement of a chlorophyll-rich surface
layer by cold, nutrient-rich, chlorophyll-free water dur-
ing the active, spin-up phase of upwelling in front of
Dichato, Chile. Carter (1982) also found that phyto-
plankton biomass declined to low or undetectable
levels under active upwelling conditions. Our obser-
vations of persistently low chl a levels and cold water
at Quintay are characteristic of a spatially restricted
upwelling center, similar to those described for the
southern Benguela system, where low chl a and high
nutrient concentrations are consistently associated
with newly upwelled water in the euphotic zone
(Andrews & Hutchings 1980, Field et al. 1980, Barlow
1982, Hutchings et al. 1983, Olivieri 1983, Brown &
Field 1985). Where upwelling is weaker, between up-
welling centers, nearshore waters alternate between
newly upwelled water and aged upwelled water that
has been exported from a nearby upwelling center.
Overall, chl a concentrations were greater at Las
Cruces, where water was consistently warmer. Such
warm water areas between upwelling centers are
fairly common along central Chile and other coasts of
the world (Kelly 1985, Graham & Largier 1997, Broit-
man et al. 2001). Considering: (1) the considerably
longer response time of Las Cruces temperature to
local winds (up to 7 d), (2) that pronounced drops in Las
Cruces temperature followed 2 to 3 d after the rapid
SST drops observed at the upstream Matanzas up-
welling center and (3) that the magnitude and duration
of these cooling events were less intense and shorter
than those observed at Matanzas, we conclude that
upwelling at Las Cruces is rare and that upwelled
waters normally intrude here from the Punta Toro
upwelling center to the south, exhibiting similarities
with the Monterey Bay upwelling shadow described
by Graham & Largier (1997). As observed by others,
and evident from the thermal satellite imagery (Fig. 1),
cold water upwelled in the vicinity of Punta Toro
expands north-northwest and quickly (approx. 3 to 4 d)
occupies all the continental shelf (Fonseca & Farias
1987, Poulin et al. 2002b, D. Narvaez, S. A. Navarrete
& J. C. Castilla unpubl. data). The cold-water filament
often appears to separate from the coast in the middle
of the Bay of San Antonio and warmer water is typi-
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cally observed inshore of the displaced cold plume at
the northern end of the Bay of Cartagena (Fig. 1, and
see Poulin et al. 2002b). A marked thermal front is
observed between the warm nearshore waters and the
cold upwelled waters streaming past offshore. Indeed,
others have suggested that such warm water regions
between upwelling centers can be trapped by sur-
rounding cold water filaments (Kelly 1985, Graham &
Largier 1997). Since the rapid drops in surface tem-
perature at Las Cruces were never as cold as those
observed at Matanzas (or Quintay), we believe these
events mark the arrival of aged upwelled water that
had upwelled days earlier and then was advected into
the region from further upstream.

The sequence of events at Las Cruces thus represent
the maturation of high-nutrient water. Most peaks in
phytoplankton biomass at Las Cruces corresponded
with surface warming, strong stratification of the water
column, and reversal or relaxation in southerly winds
that followed upwelling (as defined by rapid cooling).
During upwelling, the water column was often well-
mixed (decreased vertical gradient in SST) and peaks
in chl a concentration occurred 1 to 2 d after the onset
of surface warming. This time delay is critical, as the
injection of nutrient-rich upwelled water has had sev-
eral days to fertilize a bloom. Moreover, most blooms
occurred during periods of relaxation or reversal of
strong upwelling-favorable winds, when ageing up-
welled water would tend to predominate. Similar
dynamics have been described for the development of
phytoplankton bloom events along the west coast of
South Africa (see review by Shannon & Pillar 1986,
Pitcher et al. 1995, 1998, Pitcher & Boyd 1996, Probyn
et al. 2000).

Besides the spring-summer blooms at Las Cruces,
Quintay, and El Quisco, we also observed regularly
occurring autumn blooms at Las Cruces, which pre-
sented the highest chl a concentrations and were dom-
inated by dinoflagellates (authors pers. obs.). These
localized autumn events appeared as visible and spa-
tially delimited patches of red water. Red-water blooms
of similarly high concentrations observed in this study
(up to 70 ug I'!) have also been described to occur most
frequently during autumn in the Southern Benguela
(Horstman 1981, Pitcher & Boyd 1996, Pitcher et al.
1998, Mitchell-Innes et al. 2000). Because dinoflagel-
lates grow well at low irradiances (Richardson et al.
1983) and are highly motile (e.g. Kamykowski &
Yamazaki 1997, Pitcher et al. 1998), allowing them to
position themselves within the water column, they are
often considered to be competitively superior in ex-
ploiting both nutrient enrichment and the stratified
conditions that typically occur in late summer and
autumn along central Chile (Smayda 2000, D. Narvéez,
S. A. Navarrete & J. C. Castilla unpubl. data).

Nearshore surface waters are subject to alongshore
and alternating onshore-offshore advection in re-
sponse to wind forcing. All dense autumn blooms (and
many spring-summer blooms) at Las Cruces occurred
during periods of wind reversal and the onshore move-
ment of red water patches was easily visible. These
observations suggest that the blooms represent off-
shore production (relative to in situ production on-
shore) occurring at offshore fronts that are subse-
quently transported onshore. Similarly, relaxation of
upwelling winds often causes landward advection of
plankton in the California Current System (Small &
Menzies 1981, Roughgarden et al. 1991, Shanks 1995).
Moreover, Pitcher et al. (1998) observed dinoflagel-
late-dominated, frontal blooms during the onshore
movement of warmer, maturing-upwelled water
following upwelling (i.e. during relaxation).

Several of the densest bloom events occurred when
the above described upwelling-relaxation conditions
coincided with increased flow rates of the Maipo River.
The relative importance of nutrient enrichment via
riverine inputs or upwelling to these dense dinoflagel-
late blooms awaits further study, as does the relative
importance of river-induced salinity stratification ver-
sus temperature stratification due to surface warming,
and the retention properties of the area surrounding
Las Cruces. An improved understanding of the be-
havior of the river plume may also shed light onto the
localized nature of the massive red-water bloom events
in autumn.

Small-scale alongshore variation in nearshore chl a
concentration along open coasts may have important
consequences for other biological processes and
ecosystem structure, potentially generating strong
links between pelagic and nearshore benthic com-
munities. For instance, observed differences in chl a
levels could be magnified by benthic filter feeders,
which would integrate these differences over longer
periods of time. Indeed, observed among-site differ-
ences may explain why growth rates of sessile filter
feeders (mussels and barnacles), dominant compo-
nents of rocky intertidal habitats, tend to be lower at
upwelling centers than sites downstream from up-
welling (G. Finke & S. S. Navarrete unpubl. data).
Moreover, if warm water regions downstream from
upwelling centers are expected to receive greater
particulate food supply and therefore present pro-
ductivity 'hot spots’, these areas may indeed be
critical for marine conservation and resource man-
agement. Comparative studies among upwelling
ecosystems and detailed nearshore oceanographic
studies will provide tests of the generality of the pro-
posed mechanisms and promise to shed light onto
the context-dependency of regional- and local-scale
phenomena.
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