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Resumen.- Se estudid la variabilidad inter-anual de las condiciones oceanograficas y de la abundancia y biomasa del fitoplancton en una
estacion fija ubicada en la bahia de Valparaiso (~33°S) usando 10 afios (1986-1996) de observaciones in situ. La serie temporal mostré
vientos S-SO intensos y una cuasi-permanente actividad de surgencia que enriquecen de nutrientes la columna de agua y sustentan
al fitoplancton en la bahia. El cambio mas importante en las condiciones bio-oceanograficas fue observado durante el evento de El
Nifio 1987, con aumento de la temperatura, caida en la salinidad y en la concentracién de nitrato y fosfato, asi como en la biomasa
del fitoplancton en comparacion con La Nifia 1988 cuando se detectd agua mas fria, salada y rica en nutrientes. Bajo condiciones El
Nifio (1987-1988 y 1993) se registraron altas descargas del rio Aconcagua que precedieron la caida en la salinidad y el aumento en la
abundancia de dinoflagelados. Se observaron dos periodos con diferencias en las condiciones oceanograficas; 1988-1992 presentd baja
temperatura e incremento en los nutrientes (nitrato), la biomasa del fitoplancton y en la abundancia de diatomeas en comparacion
al periodo 1993-1996. A lo largo del periodo de estudio se registré una tendencia positiva en la surgencia, acompafiada con una caida
en la biomasa del fitoplancton y la abundancia de dinoflagelados. Este estudio proporciona nuevas evidencias sobre la influencia de
El Nifio Oscilacidn del Sur (ENOS) en el fitoplancton y las condiciones oceanograficas en la zona costera frente a Chile central.

Palabras clave: Fitoplancton, surgencia, Rio Aconcagua, bahia Valparaiso, ENOS

Abstract.- The inter-annual variability of oceanographic conditions and phytoplankton abundance and biomass was studied using 10 years
(1986-1996) of in situ observations at a fixed station in Valparaiso Bay (~33°S). The time series analysis revealed that strong S-SW winds
drive a quasi-permanent upwelling activity that maintain the nutrients availability in the water column to fuel the phytoplankton in the
bay. The most important changes in bio-oceanographic conditions were observed during 1987 El Nifio event, which was characterized
by higher temperatures but lower values for salinity, nitrate, and phosphate concentrations, together with a decrease of phytoplankton
biomass compared to 1988 La Nifia event when colder, saltier, and nutrient-rich upwelled water were observed. High Aconcagua River
discharges were observed during the El Nifio conditions (1987-1988 and 1993), which led to a decrease in surface salinity and a high
abundance of dinoflagellates. Two periods with differences in bio-oceanographic conditions were observed; 1988-1992 showed lower
temperatures but higher nutrients (nitrate), phytoplankton biomass and abundance of diatoms than 1993-1996 period. Throughout the
study period, positive trends in upwelling activity was registered accompanied by a fall in phytoplankton biomass and dinoflagellate
abundance. This paper provides new evidences concerning the influence of El Nifio Southern Oscillation (ENSO) in phytoplankton and
oceanographic conditions in the coastal upwelling off central Chile.
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INTRODUCTION

Upwelling events driven by wind are characterized by
a high temporal variability from quasi-weekly to inter-
annual scales (Strub ef al. 1998, Rutllant & Montecino
2002) in the coastal waters off central Chile (~30°-37°S).
These events regulate the oceanographic environment, the
biomass, and the composition of planktonic organisms
(Iriarte & Gonzalez 2004, Anabalon et al. 2016). Along
this coastal region, several upwelling foci—characterized
by high phytoplankton biomass and primary productivity
(PP)—have been described (Marin & Olivares 1999,
Thiel et al. 2007, Anabalén et al. 2016, Testa et al. 2018).
These upwelling foci have been associated with headlands
like Punta Lengua de Vaca in Coquimbo (~30°S), Punta

Curaumilla in Valparaiso (~33°S), and Punta Lavapié in
Concepcion (~37°S). In these headlands areas, intense
S-SW winds in the spring-summer period produce upwelling
favourable conditions generating cold and nutrient rich
water filaments that fuel micro-phytoplankton growth
(Marin & Olivares 1999, Thiel et al. 2007).

Several studies have shown inter-annual upwelling
variability probably related to “El Nifio Southern
Oscillation” (ENSO) that produces a weakening of
upwelling favourable winds (Shaffer et al. 1999). Previous
studies showed a decrease in S-SW winds during El Nifio
(EN) events with a drop in coastal upwelling activity
(both in intensity and duration) along southern-central
Chile (Montecinos & Gomez 2010). This scenario induces



changes in oceanographic conditions with a deepening of
the thermocline and a reduction in nutrient input to the
photic layer, which triggers a decrease in phytoplankton
biomass (chlorophyll-a) and PP (Ulloa et al. 2001, Pizarro
et al. 2002).

Punta Curaumilla is located in the south of Valparaiso
Bay in central Chile (~33°S). It is one of the active upwelling
foci in the region with quasi-permanent S-SW winds
(Sievers & Vega 2000). Here, upwelling events cause cold,
nutrient-rich, sub-equatorial water to rise fuelling the photic
layer in the bay (Sievers & Vega 2000, Silva & Valdenegro
2003). The phytoplankton biomass increases and large
cell-sized and colonies of diatoms appear in surface waters
(0-20 m) during these upwelling events (mostly in the spring
and summer) (Avaria & Orellana 1975, Avaria et al. 1989).

The ENSO influence have also been described at
Valparaiso Bay and adjacent areas (~32°-33°S) with
positive anomalies to sea temperature, deepening of
isolines (nutrient and temperature), and drops in oxygen
and nitrate concentration (Avaria et al. 1989, Sievers &
Vega 2000). During the EN 1982/83 event, the arrival of
warm sub-tropical water mass was related to a reduction
in the abundance and biomass of phytoplankton as well
as to changes in the composition with an increase in
phytoplankton species typical of sub-tropical waters
(Avaria et al. 1988, 1989). In addition, changes in salinity
and nutrients (silicate increment) in this area have been
associated with an increase in the Aconcagua River flow
due to rain and snow-melt increase under EN conditions
(Prado & Sievers 1987, Sievers & Vega 2000, Pellicciotti
et al. 2007).

In upwelling areas of the Chilean coast, river discharges
can also modify oceanographic conditions and nutrient
export (Léniz et al. 2012, Pérez et al. 2015, Masotti et al.
2018). Thus, previous studies have shown that an increase in
river flow changes salinity and the exportation of nutrients
(Pérez et al. 2015, Masotti et al. 2018). Nutrients from rivers
can maintain phytoplankton biomass and productivity in the
coastal area, especially during upwelling weakening periods
(Sievers & Vega 2000, Masotti et al. 2018, Testa et al. 2018).

Recent studies in central Chile (~30°-37°S) using long
time-series data (5-10 years) have explained the complexity
of a coastal system where diverse factors including
upwelling activity, river discharge, and ENSO forcing
can affect phytoplankton community and productivity
(Corredor-Acosta et al. 2015, Anabalon et al. 2016, Masotti
et al. 2018, Testa et al. 2018). While several studies have
been carried out in Valparaiso Bay to describe the seasonal
composition of phytoplankton (Avaria & Orellana 1975,
Avaria et al. 1989), no reports detail the inter-annual scale.
Thus, this work studied the inter-annual variability of
oceanographic conditions and their impact on phytoplankton
in Valparaiso Bay during 10 years of observations from a
fixed bio-oceanographic station.

MATERIALS AND METHODS

STUDY AREA

The study was located in the coastal area of Valparaiso
Bay, central Chile (~32°55°- 33°30°S). This bay is an open
embayment with N-NE orientation, a width of ca. 7 miles
between the headlands of Punta Concoén (north) and Punta
Angeles (south), and a depth of ca. 90 m in the centre
of the bay (Fig. 1). The Aconcagua River (32°55°09”’S;
71°30°28”W) is located at the north of the bay, over Punta
Concon (Fig. 1).

METEOROLOGICAL, HYDROLOGICAL DATA AND
UPWELLING INDEX

A historical time-series data (10 years) of physical
(temperature and salinity), chemical (nutrients
concentration), and biological (phytoplankton biomass
and diatoms and dinoflagellates abundance) variables
was examined to explore the relationships between the
oceanographic conditions and inter-annual variability of
phytoplankton in the area.

The data was obtained in a weekly to fortnightly
bio-oceanographic monitoring carried out from August
1986 to December 1996, in a fixed station located on the
shelf two miles (~3.7 km) offshore of Caleta Montemar
(32°58°027°S;71°35°00 W) at the north of Valparaiso Bay
(St. M, Fig. 1). This station is exposed to both the local
coastal upwelling activity and the Aconcagua River plume
influence (Avaria et al. 1989, Sievers & Vega 2000).

Daily wind data were obtained from the historical
archives of the Centro Meteoroldgico de la Gobernacion
Maritima de Valparaiso (CENMETEOVALP). Speed and
direction (u and v components) data were collected from the
“Faro Punta Angeles” meteorological station (33°04°00”’S;
71°38°00” W) located 60 m above sea level at the south of
Valparaiso Bay (Fig. 1) and were processed for the 1987-
1996 period.

The upwelling index (UI) was calculated by Bakun’s
equation (Bakun 1973) for coastal areas (M _*100 m):

Ul=(z,/fxp, ) x 10°

where 7, is the y wind stress component, f"is the Coriolis
parameter (7.923 e -5rads'), and p  is the seawater density
(1,025 kg m).

The wind stress was calculated using hourly wind speed
(W, m s) and v component (north-south) data (W, m sl
rad), a dimensionless drag coefficient (Cd= 1.4x107), and
the air density (p,= 1.22 kg m™~, normal conditions).

7= p,x Cdx Wx W,
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To perform the long-term characterization of “El Nifio”
and ”La Nifia” events multivariate ENSO Index (MEI) data
obtained from the NOAA website®” were used (Wolter &
Timlin 2011).

For the hydrological analysis, daily data of the
Aconcagua River flow was obtained from the San Felipe
station (32°55°09”S / 71°30°28”W; 630 m above sea level)
at the Direccion General de Aguas (DGA)® for October
1986 to December 1996.

OCEANOGRAPHIC DATA

Between August 1986 and December 1996 discrete water
column samples (0, 5, 15, 25, 40, 55 m) of temperature,
salinity, and nutrients (Nitrate-NO,", Phosphate-PO,*, and
Silicate-SiO,*) were collected in the fixed station (St. M).
Temperature (°C) was measured in situ with protected
reversing-calibrated thermometers arranged at the sampling
bottle. A Tsurumi Seiki digital induction salinometer
measured salinity at the marine chemistry laboratory. For
dissolved inorganic nutrients, water samples were stored in

<http://www.cdc.noaa.gov/people/klaus.wolter/MEl/table.html>
2<www.dga.cl>
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Figure 1. Study area and position of the bio-oceanographic fixed station (St. M) in
Valparaiso Bay, central Chile / Area de estudio y ubicacion de la estacion bio-oceanografica
(St. M) en la bahia de Valparaiso, Chile central

cleaned plastic bottles and kept in the dark at -20 °C until
analysis via spectrophotometry in the marine chemistry
laboratory. Phosphate (PO,*) was analysed following
Murphy & Riley (1962) methodology modified by Koroleff
(1983). The Strickland & Parsons (1968) methodology as
modified by Grasshoff (1983) was employed for nitrate
(NO,) and Parsons et al. (1984) for silicate (SiO,*).

PHYTOPLANKTON DATA

PHYTOPLANKTON BIOMASS - CHLOROPHYLL-A

Samples for analysis of phytoplankton biomass, measured
as chlorophyll-a (Chl-a; mg m), were obtained by a
Niskin bottle at six depth levels (0, 5, 10, 20, 30, 50 m).
Chlorophyll-a was determined by spectrophotometry, using
a modified Lohrenz & Jeffrey (1980) method combined
with Parsons et al. (1984). Analysis of acetonic extracts of
phytoplankton collected on 0.45 um cellulose membrane
filters and stored at 4 °C in the darkness for 24 h were
realized with a UV 120-12 Shimadzu spectrophotometer.

MICRO-PHYTOPLANKTON ABUNDANCE

Quantitative phytoplankton analyses (cells L) were
conducted using discrete water samples at 0 and 10 m
(over 500 samples). Water samples (~200-250 ml) were
preserved in Lugol’s iodine solution in darkness until



analysis. Phytoplankton cells were counted using a Wild
M-40 inverted microscope after sample sedimentation in
5, 10, or 50 cm® chambers following the method described
by Utermohl (1958) at the phytoplankton laboratory.
The micro-phytoplankton (20-200 pm) was categorized
into two main groups: diatoms (Bacillariophyceae) and
dinoflagellates (Dinophyceae). The total abundance (cells
L") of both groups corresponds to total species abundance
at 0 and 10 m depths, respectively.

DATA PROCESSING

Meteorological (wind and UI), hydrological (river flow),
oceanographic (temperature, salinity and nutrients) and
micro-phytoplankton data (chlorophyll-a, diatoms and
dinoflagellates abundance) were categorized according
to inter-annual variability by calculating the annual mean
and standard deviation per year. Annual mean values (n=
10) were employed to study the dissimilarity and tendency
along the time series.

Multivariate analyses were applied using PAST v
3.11 software (Hammer ef al. 2001). A Cluster analysis
was developed using annual mean values (0-30 m) of
temperature, salinity, nutrients (NO_, PO and SiO,"),
and phytoplankton biomass (Chl-a) from 1987 to 1996,
along with surface values of upwelling index (UI) and
river flow. A Permutational analysis of variance (one-way
PERMANOVA) was applied to assess the significant
difference between groups.

During the study period years under different ENSO
phases were selected to check changes between the
oceanographic and hydrological conditions together with
phytoplankton in the bay, by a comparative analysis of
year-to-year using the non parametric U Mann-Whitney
test. The years 1987/88, 1989/90 and 1995/96 were selected
following historical El Nifio-La Nifia events since 1950s
for NOAA Multivariate ENSO Index (MEI) classification.
Finally a non-parametric Mann-Kendall test was used to
study trends along time series period in the bay.

RESULTS

METEOROLOGICAL AND HYDROLOGICAL CONDITIONS

The daily wind data showed the dominance of S-SW
winds, which exhibited intensification along the time
series. From 1988 to 1996, the Ul (upwelling index) ranged
between 31.4 and 59.4 m® s! showing persistent upwelling
favourable conditions (Fig. 2B; >100 m? s), and scarce
downwelling events (<2% values under -100 m* s'). There
was an increase in the Ul intensity during the study period

with the highest annual mean values in the last years of the
time series (1993-1996; >50 m? s') when the maximum UI
values (1994, ~980 m* s'; 1995-1996, ~974 m® s!); were
registered. In addition, a seasonal signal both in wind and
in UI was observed (Table 1, Fig. 2 A-B).

Throughout the study period, the Aconcagua River
showed year-to-year variability (range ~0-263 m?* s™') with
annual mean values ranging between 2 and 49.4 m®s!. The
highest river discharge events (>150 m® s™') were observed
in 1986 and 1987; with the highest river flow mean value
in 1987. There was also a progressive decrease in river flow
during the study period with values below 1 m? s between
1993 and 1996 when the minimum river flow was registered
(Table 1, Fig. 2C).

The sea surface salinity (SSS) ranged between 32.41 and
34.41 mean values. Several salinity decline events were
observed in coincidence with high river flow especially
between late 1986 and 1988. The lowest SSS value was
registered in 1987 when the highest river flow was observed
(Table 1; Figs. 2C and D). Correlation of year-to-year SSS
and river flow variability showed an inverse significant
value (rs=-0.74, P <0.05).

Table 1. Inter-annual variability of: Upwelling Index (Ul) (m3s™), River
flow (m? s?), and Sea Surface Salinity (SSS, 0 m). Mean % standard
deviation values and range (minimum-maximum) / Variabilidad
inter-anual del: indice de Surgencia (Ul) (m?s?), Caudal del rio (m3s?),
y Salinidad Superficial (SSS, 0 m). Valores del promedio + desviacién
estandar y rangos (minimo-maximo)

Ul River flow SSS

1987 - 49.42 +4838* 3241+ 1.81*

(2.93-263.00) (26.30 - 34.45)

1988 45.15+84.04 2370 £31.86* 33.63 £ 0.93*
(-320.04-551.62) (1.24-160.00)  (30.63 - 34.50)

1989 34.80 £78.74%  12.55+ 17.20%  34.07 % 0.49*
(-614.62 - 444.50)  (1.82-95.20)  (32.02 - 34.62)
1990 31.40+£93.16*  4.44+516%  34.41+0.28*
(-568.96 - 769.90)  (0.11-29.50)  (33.72 - 34.98)
1991  33.44+89.99  18.86+21.98 .

(-568.96 - 670.30)  (0.64 - 107.00)

1992 4366+ 111.76 26272021 )
(-875.50 - 835.39)  (8.22 - 108.00)

1993 5835412696 222641626  33.54+0.80
(-492.47 -875.50)  (0.71 - 144.00)  (31.56 - 34.96)

1994 57.81+140.32  12.30+12.60  34.36 £ 0.45
(-589.46 - 980.66)  (0.97-54.90)  (33.62 - 35.30)

1995 5328+ 123.96*  925+7.77%  34.16+0.45
(-670.30-974.41)  (0.06 -34.90)  (33.54 - 34.89)

1996  59.39+ 142.96*  2.00 £2.58% 3423 £0.17
(-621.80-974.41)  (0-19.60)  (33.96 - 34.47)

*P < 0.05 statistically significant
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Figure 2. Time series of: A) alongshore wind, B) Upwelling Index (Ul), C) Aconcagua river flow and D) Sea Surface Salinity (SSS), from August 1986 to
December 1996. White areas represent no available data. Negative direction is equatorward and positive direction is poleward / Serie temporal del:
A) Viento diario, B) indice de Surgencia (Ul), C) Caudal del rio Aconcagua y D) Salinidad Superficial (SSS). Areas blancas indican no datos

Table 2. Inter-annual variability of: Salinity, Temperature (°C), Nitrate-NO_" (uM), Phosphate-PO* (uM) and
Silicate-SiO,* (uM) in water column (0-30 m). Mean t standard deviation values and range (minimum-maximum)
/ Variabilidad inter-anual de: Salinidad, Temperatura (°C), Nitrato-NO," (uM), Fosfato-PO,* (uM)y Silicato-SiO,* (UM)
en la columna de agua (0-30 m). Valores del promedio + desviacidn estandar y rangos (minimo-maximo)

Salinity Temperature NO;5 PO,* Sio,*
1987 33.77 £ 1.20* 13.17 £ 1.30* 9.60 + 6.49% 1.34+0.71* 10.13 +5.88
(26.30-34.62) (11.69-18.06)  (0.72 -25.28) (0.10 - 2.96) (1.83 - 33.66)
1988 34.14 + 0.60* 12.58 + 1.16* 14.37 + 6.66* 1.57 + 0.54* 9.68 + 7.25
(30.63 -34.68) (10.71-16.07)  (0.70 - 28.70) (0.54 -2.94) (0.10 - 42.70)
1989 34.28 +0.34* 13.31+1.31* 12.17 £ 6.21 1.44 + 0.65% 7.54 + 5.32%
(32.02-34.69) (11.13-17.73)  (0.80 - 28.10) (0.33-3.20) (0.10 - 25.30)
1990 34.50 £ 0.17* 12.40 £ 0.97* 12.65 £ 6.24 1.85 + 0.59% 12.87 £ 7.29*
(33.72-34.98) (11.00-15.42) (0.70 - 24.30) (0.50 - 2.76) (0.10 - 26.70)
1991 - 1327+ 1.19 11.99 +5.89 1.37+£0.55 7.95+4.91
(11.40 - 16.66)  (0.60 - 23.90) (0.34-241) (0.15 - 22.70)
1992 - 12.80 + 1.47 15.23 £7.02 1.56 +0.55 17.30+11.33
(10.71-17.80)  (1.50 -27.90) (0.43 - 2.64) (3.00 - 64.10)
1993 34.15+0.64 13.09 + 1.35 8.03+7.12 1.43+0.56 12.74 +7.09
(31.56-35.26) (11.40-16.95)  (0.50-26.20) (0.34 -2.59) (2.00 - 34.20)
1994 34.66 + 0.53 14.31 £2.00 11.05+£7.39 2.08+0.92 12.41 £6.20
(33.62-36.03) (11.55-18.09) (0.60 - 26.30) (0.50 - 4.80) (0.80 - 28.10)
1995 34.31+0.34 13.33+1.73 8.46 + 5.93* 1.86 £ 0.75* 18.39 £ 9.65*
(33.54-34.89) (11.17-16.85)  (0.50 - 23.20) (0.43-3.41) (2.70 - 44.90)
1996 3428 £0.15 12.77 £ 1.08 6.22 +4.25% 1.54 +0.63* 13.64 + 11.74*
(33.96 - 34.65) (10.88-16.82)  (0.80 - 18.10) (0.50 - 4.46) (1.90 - 43.80)

*P < 0.05 statistically significant

74 _ Aparicio-Rizzo & Masotti.
Inter-annual oceanographic variability in Valparaiso Bay



OCEANOGRAPHIC AND PHYTOPLANKTON CONDITIONS
IN THE WATER COLUMN

The annual mean values of water column temperature (0-
60 m) ranged between 12.40 and 14.31 °C along the time
series (1986-1996). The lowest values were registered from
1988 to 1992 and in 1996. Minimum value was registered
in 1988 and 1992, in coincidence with the ascent of 12 °C
isotherm, which also was observed in 1989, 1990, and 1991
(Fig. 3A). In 1994 the highest temperature was recorded
(17.8 °C) with a sharp warming of the water column (>16
°C) (Table 2, Fig. 3A).

Salinity in the water column (0-60 m) was homogenous
with mean values ranging between 33.77 and 34.66. The
lowest salinity (26.30) was observed in surface water (0-5
m) in 1987 and values greater than 35.00 were detected in
1994 along the water column (Table 2, Fig. 3B).

Ju Se Ja Ju Se Ja

Nutrients showed a vertical gradient, and the lowest
values were observed in the surface waters (0-15 m) (Fig.
4). Annual mean values of nitrate (NO,’) ranged between
6.22 UM (1996) and 15.23 uM (1992). From 1988 to 1992,
high NO,” concentrations (>15 uM) were observed at 15-
60 m, with mean values ranging between 12.17 and 15.23
pM. From 1993 to 1996, a decrease was detected with
mean values between 6.22 and 11.05 uM (Table 2, Fig.
4A). Phosphate (PO,*) mean values ranged from 1.34 to
2.08 uM. A sharp vertical gradient with a low PO,* surface
layer (<1.50 uM; 0-10 m) was observed between 1987 and
1993 (Table 2, Fig. 4B). Both nitrate and phosphate showed
a deepening of minimum surface values in the water column
in 1987 (Figs. 4A and B).
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Figure 3. Time series of: A) Temperature and B) Salinity in water column (0-60 m), from August 1986 to December 1996. Black
points indicate sampling depths. White area represents no registered data / Serie temporal de: A) Temperatura y B) Salinidad en la
columna de agua (0-60 m), desde agosto de 1986 hasta diciembre de 1996. Puntos negros indican las profundidades de muestreo.
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C) Silicato- Si0,* en la columna de agua (0-60 m). Puntos negros indican las profundidades de muestreo

Silicate concentrations (SiO,*) ranged between 7.54
and 18.39 puM. Similar to phosphate, silicate displayed
low surface concentrations (<10 uM; 0-10 m) during the
first years of the study (1987-1991). However, enrichment
occurred between 1992 and 1996, which had the highest
annual mean values (18.39 pM) and the maximum
concentrations (64.10 uM) of the entire study period (Table
2, Fig. 4C).
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Phytoplankton biomass (Chl-a) had mean values that
ranged from 1.23 to 3.45 mg m>. A sub-surface (5-10 m)
maximum can be observed, but this one decreased from
1988 to 1994-95 when Chl-a dropped below 1.5 mg m>.
During 1988 and 1996 high Chl-a concentrations, over 3,0
mg m to 20-25 m, were registered (Table 3); contrasting
to 1994 and 1995 years that had the lowest mean values of
phytoplankton biomass (Table 3; Fig. 5A).



Table 3. Inter-annual variability of: phytoplankton biomass (Chl-a; mg
m=3), and total abundance (Total Abu.) of diatoms and dinoflagellates
(cells L'?). Mean t standard deviation values / Variabilidad inter-anual
de: la biomasa del fitoplancton (Chl-a; mg m), y la abundancia total
(Total Abu.) de diatomeas y dinoflagelados (céls. L). Valores del
promedio * desviacion estandar

Chl-a Diatoms Dinoflagellates
(0-30m)  (Total Abu)x10°  (Total Abu.) x10°
1987 3.07+3.69%  455.56+687.62 66.37 +283.55
1988 345+£343%  790.68+160652  14.3041.63
1989 276+328% 89898+ 146693  16.06%45.57*
1990 243+3.41% 82674+ 1388.47 1.91£2.98*
1991 2.07£295  622.84+889.25 2.60 +4.45
1992 2.69+4.18  1064.58 + 1572.46 1244239
1993 2.57+380 988224178892  21.89+70.34
1994 1.23+144  41831+776.39 0.88+1.58
1995 1.50=2.14* 46339 =812.53 0.57+0.78
1996 3.44:4.19%  613.04+816.79 7.55+14.51

*P < 0.05 statistically significant
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The diatom inter-annual mean abundances ranged
between 418.31x10° and 1,064.58x 103 cells L. The highest
mean value was registered in 1992. Otherwise 1994 showed
the lowest abundance in coincidence with lowest Chl-a
values. In 1988, 1989, 1990, 1992, and 1993 high annual
mean values were found (Table 3). In 1988 (November, 0
m) diatoms abundance registered highest value overpassing
10,000x103 cells L (Fig. 5B).

Overall, dinoflagellates were in low abundance versus
diatoms (10-220 fold lower), which clearly dominated the
area. The dinoflagellate abundance means values (0 and
10 m) ranged between 0.57 and 66.37x10° cells L'. High
abundance events were observed especially in the autumn
of 1987 when the highest value was recorded (>840 x 10°
cells L', Fig. 5C). Similar events occurred in 1988, 1989,
and 1993 when high mean annual values (~14-22x10° cells
L) were registered (Fig. 5C, Table 3).
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Figure 5. Time series of: A) Phytoplankton biomass (Chl-a, 0-50 m), B) Diatoms and C) Dinoflagellates abundance (red and black lines, 0 and 10 m),
Aconcagua river flow (blue line), D) Sea surface salinity (discontinuous line) and MEI index (continuous line), from August 1986 to December 1996 /
Serie temporal de: A) la biomasa del fitoplancton (Chl-a, 0-50 m), B) Abundancia de diatomeas y C) dinoflagelados (lineas roja y negra, 0y 10 m), caudal

1992 1993 1994 1995 1996

del rio Aconcagua (linea azul), D) Salinidad superficial (linea discontinua) e indice MEI (linea continua)
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According to cluster analysis results, although 1987 was
an outlier, high degrees of similarity were reached (>75%)
among inter-annual variability of oceanographic conditions
and phytoplankton along with surface values of upwelling
index (UI) and river flow (Fig. 6). Furthermore, two
statistically significant different periods can be observed:
1988-1992 and 1993-1996 (F=17.5, P <0.01; Fig. 6).

ENSO INFLUENCE AND TIME-SERIES TREND

Different events related to “El Nifio”-EN (1987, 1990 to
1995) and “La Nina”-LN (1988, 1989, and 1996) were
observed. The highest MEI value occurred in 1987 (~2.1,
May), and the lowest was in 1988 (~ -1.6, September). The
1988 to 1992 period showed the MEI index increase. It
moved from the negative values of LN-1988 to positive EN
values with a maximum in 1992. The MEI index decreased
from 1993 to 1996 (Fig. 5D).

In general, EN conditions (1986-1987 and 1990-1993)
led to high Aconcagua River flow events. During these
events, the surface salinity drop coincided with a high
abundance of dinoflagellates (Fig. 5C-D).

Results showed a significant difference in both
oceanographic conditions and in phytoplankton abundance
and biomass, during EN/LN events (Tables 1, 2 and 3).
Strongest ENSO events occurred between EN-1987 and
LN-1988: salinity, temperature, and NO,", PO,* and SiO,*
concentrations together with phytoplankton biomass, Ul,
and river flow showed significant differences (Tables 1, 2
and 3).

During EN-1987 lower values of salinity, nitrate and
phosphate concentrations, and phytoplankton biomass
were observed versus LN-1988 when colder, saltier, and
nutrient rich upwelled water were observed (Tables 1, 2
and 3). Similar results were obtained from LN-1989 to
EN-1990 (Tables 1, 2 and 3). However, non-significant
differences were observed for the temperature and salinity
during the EN-1995 to LN-1996 transition (Table 2).
The phytoplankton biomass (Chl-a) showed significant
differences in all cases with an increment under LN
conditions (1988, 1989, 1996; Table 3).

The results showed no trend in temperature, salinity,
phosphate, silicate and diatoms abundance along the time
series, but the Ul showed a significant positive trend (P
< 0.05). Aconcagua River flow, nitrate concentration,
phytoplankton biomass (Chl-a), and dinoflagellates
abundance had a significant negative trend (P < 0.01).

DiscussIioN

Alongshore upwelling favourable winds (S-SW) with
maximum during the spring and summer have been
described in central Chile (~30°-37°S) (Strub et al. 1998,
Shaffer et al. 1999, Sobarzo et al. 2007, Schneider et al.
2017). This study revealed persistent upwelling favourable
conditions in Valparaiso Bay from 1986 to 1996. These
quasi-permanent upwelling favourable conditions have
been observed year-to-year through the S-SW winds domain
in the bay, especially in the spring/summer period when
UI values range between ~100 and 500 m?® s'. A Similar
pattern of UI (spring-summer ~100-400 m? s™') have been
recently registered in Concepcion Bay (~36.5°S) (Anabalon
et al. 2016).
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Figure 6. Cluster analysis, by Bray-Curtis Index, of the degree of similarity among bio-oceanographic characteristics,
upwelling index (Ul) and river flow / Andlisis Cluster, por Bray-Curtis, del grado de similaridad entre las caracteristicas bio-
oceanograficas, el indice de surgencia (Ul) y el caudal del rio
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During this time series, upwelling activity observed in
Valparaiso Bay seems to sustain the phytoplankton biomass
sub-surface maximum every year, especially during the
spring and summer periods when high chlorophyll-a values
(>3 mg m?) are observed (Fig. SA). Although nutrients
concentration (NO,, PO,* and SiO,*) in the bay showed
wide ranges along time series, values were similar to those
described along coastal Chilean system with high nutrients
concentrations under intense favourable upwelling activity
(Anabalon et al. 2016, Testa et al. 2017). In central Chile
(~30°-37°S), a seasonal signal of phytoplankton with
increases under upwelling favourable winds during spring-
summer after arrival of nutrient-rich water have been
well documented (Avaria et al. 1989, Thiel et al. 2007,
Anabalodn et al. 2016). Anabalon et al. (2016) confirmed
this relationship in the coastal area off Concepcion (~36.5°S)
with a strong correlation between seasonal phytoplankton
and UI signals.

Inter-annual changes in both phytoplankton biomass and
oceanographic conditions have been observed in the bay.
Thus, changes in oceanographic conditions under a strong
EN event (1987) were observed, which were marked by a
drop in salinity, an increase in temperature, and a decrease
in nitrate and phosphate concentrations. Cluster analysis
shows 1987 as a different year in oceanographic conditions,
river flow and phytoplankton biomass.

Although the intensity of the EN-1987 was lower than
the EN-1982/83 and EN-1997/98 events, changes in the
bay were similar to those described during previous events
(Prado & Sievers 1987, Iriarte et al. 2000, Ulloa et al. 2001,
Contreras et al. 2007). During EN-1982/83 and 1997/98,
studies in Quintero (~32°S) and Concepcion Bay (~36°S)
in Chile showed a deepening of the thermocline with
warming in the water column and a lack of nutrients (Prado
& Sievers 1987, Contreras et al. 2007). Similar conditions
were described at the north of Chile in the Antofagasta
coastal area (~23°-24°S) during EN-1997/98 (Iriarte et al.
2000, Ulloa et al. 2001).

Cluster analysis also showed two different extended
periods (~5 years) along time series that coincided with
ENSO variability (MEI increase/decrease signal). The
1988-1992 period had lower temperature but higher levels
of nitrates, phytoplankton biomass, and diatoms abundance
(increase) compared to 1993-1996 period (decrease). These
results have showed an inter-annual variability in the bio-
oceanographic conditions of bay with ENSO forcing as a
modulating factor of this variation. Although no previous
studies have displayed a similar relationship, a study in
the coastal area of central Chile (35°-38°S) has shown a
connection between phytoplankton biomass and ENSO
forcing (Correa-Ramirez ef al. 2012).

While several studies have showed changes in
oceanographic conditions associated with ENSO, there are
scarce in situ evidences about the effects on phytoplankton

along the coast of Chile. Here, the lowest phytoplankton
biomass values were registered during the extended
EN period (1990-1995) (Table 3). Likewise, significant
differences were detected between EN and LN year-to-year
with lower biomass values in 1987, 1990, and 1995 under
EN conditions (Table 3). Similar decreases in phytoplankton
biomass under EN conditions were registered in the north of
Chile (18°-27°S) during EN-1982/83 and 1997/98 (Avaria &
Muiioz 1987, Ulloa et al. 2001, Iriarte & Gonzalez 2004).
Moreover, there was a significant decrease in primary
production (PP) observed close to coastal Antofagasta
(~23°-24°S) during El Nifio 1997/98 (Pizarro et al. 2002,
Iriarte & Gonzalez 2004).

In central Chile (~28°-38°S), ENSO events impact on
oceanographic conditions and river flow. In the Valparaiso
region, the increase in Aconcagua River flow has been
previously reported under EN events (Pellicciotti et al.
2007). In addition, a decrease in sea surface salinity (~30)
associated with high river discharge was observed in the
area under EN events, both in 1982/83 and 1997/98 (Prado
& Sievers 1987, Sievers & Vega 2000). In this study,
remarkably high river flow events preceded an increase
in dinoflagellate abundance (Fig. 5C) with the maximum
mean value over the study period (874 x 10° cells L', Fig.
5C) at the early stage of El Nino 1986/87 (Fig. 5C-D).
Similar situations were observed afterwards in 1988 and
1993 (Fig. 5C). Dinoflagellate abundance in Valparaiso Bay
are highest at the end of summer and autumn (Avaria &
Orellana 1975), but not at this abundance level (>40 times
higher) suggesting that increments in the river flow would
favour high dinoflagellates abundance. Although no similar
connections has been observed in the Chilean coast, studies
in the coastal bays of California and China have suggested a
relationship between rivers’ discharges and dinoflagellates
abundance due to favourable conditions for nutrients and
stratification (Stoecker et al. 2008, Zhou et al. 2008, Lan
et al. 2009, Pitcher et al. 2010).

Positive trends of upwelling in the area were seen
during the study period (1986-1996) (Fig. 2B), but this
was accompanied by a fall in the phytoplankton biomass
(chlorophyll a, Chl-a) and dinoflagellates abundance.
Similar trends for Ul and phytoplankton biomass were
observed by Corredor-Acosta et al. (2015) at central-
south Chile (35°-38°S) during 2002-2012. They link the
reduction of chlorophyll to the development of unfavourable
conditions of turbulence for phytoplankton growth due to
the coastal upwelling intensification registered in the area.

Here, new efforts have been done to understand the
influence of inter-annual oceanographic and hydrographical
conditions on the phytoplankton in Valparaiso Bay. The
time series analysis revealed that strong S-SW winds
drive a quasi-permanent upwelling activity that seems to
maintain the nutrient availability to fuel the phytoplankton
in the bay. The most important year-to-year changes in the
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oceanographic conditions were observed in 1987 when
an increase in temperature and a lack of nutrients and
phytoplankton biomass were associated with EN conditions.
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