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Ongoing global warming caused by climate change has been suggested to produce an intensiﬁcation of upwelling-favorable winds along the coast of south-central Chile due to a poleward displacement of the South
Paciﬁc Anticyclone (SPA). Here we explore the extent to which these changes have inﬂuenced water column
properties, inorganic nutrients, primary production, diatom abundances and net community metabolism (GPP/
CR) in these shelf waters. Our analysis is based on a monthly time series (2003–2013) of in situ oceanographic
and biological observations and experiments to assess gross primary production (GPP) and community respiration (CR) at a shelf station in central Chile (∼36.5°S), along with ancillary data on alongshore wind
variability, river outﬂow and MODIS-derived surface ﬂuorescence (nFLH). A reduction in river outﬂow from
2007 onwards, forced remotely by the poleward displacement of the SPA, resulted in a cooler and saltier water
column, with lower dissolved Si:N ratios (Si(OH)4: NO3−) and net community metabolism shifting from high net
autotrophy (mean GPP/CR = 10.9 ± 14) to a balance between production and respiration (GPP/
CR = 1.17 ± 0.6). A key ﬁnding was that most of the observed inter-annual variability in diatom abundance
and primary production rates from 2003 to 2013 could be explained by two opposite trends: a signiﬁcant intensiﬁcation of upwelling-favorable winds during early spring (October-November) post-2009, and a sustained
drop in freshwater discharged by the main local river during the same period. A combination of more intense
equatorward winds and weaker stratiﬁcation of the water column may have driven mixing and turbulence
beyond the levels that are suitable for diatom growth when the upwelling period began (October-November),
and subsequently may have enhanced the oﬀshore transport of nutrients and productivity during late summer
months (February-March). Patterns revealed by the analysis of monthly composites of normalized surface
ﬂuorescence (nFLH) are consistent with this interpretation. Further intensiﬁcation of upwelling-favorable winds,
combined with changes in the pattern of precipitation and river discharges, may have negative eﬀects on the
composition, productivity, and carbon export in shelf waters of this and other coastal upwelling ecosystems.

1. Introduction
Eastern boundary upwelling systems (EBUS) are among the most
productive oceanic areas in the world (Chavez and Messié, 2009;

⁎

Quiñones et al., 2010), and strongly inﬂuence atmosphere-ocean CO2
exchange as well as recycling of ﬁxed carbon and its export to the open
and deep ocean (Feely et al., 1999; Torres et al., 2003; Mathis et al.,
2012). Consistent with the hypothesis that coastal upwelling is
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total phytoplankton biomass and primary production induced by enhanced upwelling and solar radiation during the spring-summer months
(Daneri et al., 2000; Montero et al., 2007; Anabalón et al., 2016).
Phytoplankton biomass in this area tends to be concentrated in nearsurface waters (< 20 m depth), with maxima observed during springsummer dominated by only a few diatom genera (Anabalón et al., 2007;
González et al., 2007; Sanchez et al., 2012). The seasonality of nanophytoplankton is lower, though with highest mean abundance and
biomass also recorded during the upwelling season (Anabalón et al.,
2007; Böttjer and Morales, 2007). The contribution of pico-phytoplankton to total chlorophyll-a (Chl-a) appears to be limited throughout
the year in the area (Collado-Fabbri et al., 2011).
A decrease in the relative contribution of total pico-phytoplankton
biomass has been observed between 2002 and 2012 in the southern
coastal HCS (35–38°S), with an apparent trend of negative Chl-a
anomalies during the upwelling season combined with positive (upwelling-favorable) wind anomalies (Corredor-Acosta et al., 2015). A
negative trend in meso-zooplankton biomass was also reported during
the same period (Escribano et al., 2012), together with a signiﬁcant
shifts in taxonomic and size composition from 2007 onwards (MedellinMora et al., 2016). Anabalón et al. (2016) observed that the microphytoplankton decreased in abundance and biomass during the upwelling seasons of 2006–2009 compared to 2002–2006, principally as a
result of lower abundance of the diatoms Skeletonema and Leptocylindrus. The reduction in diatom abundance appeared to be associated
with higher surface salinities and lower temperatures, but also with
variations in Si:N and N:P ratios that could be related to changes in
continental processes (Anabalón et al., 2016). High silicic acid (Si
(OH)4) concentrations (50 µM) in the lower reaches and in surface river
plume waters of the nearby Biobío River during winter have been reported in the coastal area of Concepción (36°S) (Léniz et al., 2012) and
may be an important silicate reservoir for diatom growth during springsummer months in this coastal area (Sanchez et al., 2012). The presence
of silicic acid is required in seawater to support diatom growth
(Sarmiento et al., 2007), with the typical uptake ratio of silicic acid to
dissolved inorganic nitrogen for diatom growth being ca. 1:1
(Brzezinski, 1985; Ragueneau et al., 2000). A decrease in the availability of silicic acid relative to nitrate can result in the predominance
of other algal groups that require lower concentrations of silicic acid
(Conley et al., 1993; Dortch et al., 2001; Dongyan et al., 2013).
In this study we assess the extent to which inter-annual changes in
atmospheric forcing and hydrological conditions oﬀ south-central Chile
have inﬂuenced water column properties over the continental shelf.
Changes in water column properties can in turn impact upon physiological rates, net community metabolism and diatom abundance and
composition in this highly productive coastal upwelling area. Our
analyses are based on a monthly time series of in situ oceanographic and
biological observations on the continental shelf oﬀ south-central Chile
(36.5°S) that span 11 years (2003–2013). We contextualize these observations using ancillary data on wind stress variability and river
outﬂow, together with ocean color data derived from satellite imagery.

intensiﬁed due to the warming pattern associated with climate change
(Bakun, 1990; Bakun et al., 2010), long-term positive trends in upwelling-favorable wind intensity have been reported for the Peruvian
coast (Bakun and Weeks, 2008), northwest Africa (Santos et al., 2005),
South Africa (Shannon et al., 1992), California (Mendelssohn and
Schwing, 2002; Snyder et al., 2003) and along the subtropical west
coast of South America (Falvey and Garreaud, 2009). More recently, a
meta-analysis of the literature on upwelling-favorable wind intensiﬁcation in EBUS suggests that winds have intensiﬁed in the California, Benguela, and Humboldt upwelling systems and weakened in
the Iberian system over timescales ranging up to 60 years (Sydeman
et al., 2014).
Despite the ongoing increase in atmospheric greenhouse gases, the
Earth’s global average surface air temperature has remained more or
less steady since 2001; a key component of this slowdown in surface
warming is the strengthening of Paciﬁc trade winds that account for the
cooling of the tropical Paciﬁc (England et al., 2014). Atmospheric
modeling of western subtropical South America has predicted stronger
equatorward alongshore winds on the Chilean coast due to intensiﬁcation and poleward displacement of the South Paciﬁc Anticyclone (SPA) under a climate warming scenario (Falvey and Garreaud,
2009; Belmadani et al., 2014). A recent time series analysis of in situ
temperature and salinity observations over the continental shelf oﬀ
south-central Chile between 2002 and 2013 (Schneider et al., 2017)
showed an abrupt change in hydrographic conditions from 2007 onwards. This change was driven by a poleward displacement of the SPA
that in turn has accelerated alongshore, upwelling-favorable winds,
particularly during winter, injecting deeper colder water into the upper
water column. The poleward displacement of the SPA since 2007 was
also associated with substantial reductions in precipitation and river
discharge in the southern Humboldt Current System (Schneider et al.,
2017). The combination of these changes in atmospheric forcing resulted in a transition from warmer/fresher to cooler/saltier conditions
in the nearshore water column, especially during winter months.
How climate warming might impact upon various EBUS systems has
become a crucial question, because upwelling favorable equatorward
wind scan have signiﬁcant eﬀects on water temperature (McGregor
et al., 2008; Falvey and Garreaud, 2009), chemical parameters (Weeks
et al., 2004), oxygen availability (Grantham et al., 2004; HernándezMiranda et al., 2010; 2012) and biological components of the ecosystem
(Iles et al., 2011; Escribano et al., 2012). High primary production rates
(∼26 gC m−2 d−1) have been observed in the Humboldt Current
System (HCS) in association with episodic upwelling-favorable events
at around ∼36°S (Daneri et al., 2000; Montero et al., 2007), whereas
winds causing persistent upwelling at around ∼30°S have consistently
resulted in lower production rates (Montecino et al., 1996; Daneri et al.,
2000).
In the region oﬀ south-central Chile (35–39°S), wind variability
spans from diurnal (sea breeze) to synoptic (3–15 days) and seasonal
periodicity (Sobarzo et al., 2007). The seasonal variability is modulated
by latitudinal displacements of the SPA (i.e. equatorward in fall-winter
and poleward in spring-summer), which promote the dominance of
northerly downwelling-favorable winds in fall-winter and southerly
upwelling-favorable winds in spring-summer (Sobarzo et al., 2007).
Seasonally, water column stratiﬁcation in this region is driven not only
by wind but also by changes in the mixed-layer heat balance induced by
solar radiation and by freshwater balance, which is dominated by
austral winter maxima in river discharge and precipitation (Sobarzo
et al., 2007). On the synoptic scale, periods of intense and persistent
equatorward winds drive the upwelling of Equatorial Subsurface Water
(ESSW), characterized by low oxygen and high concentrations of dissolved nutrients (Strub et al., 1998; Quiñones et al., 2010). These events
alternate with calms, or reversals in wind that can last from 2 to 8 days
(Daneri et al., 2012).
The coastal upwelling zone oﬀ south-central Chile is among the
most productive areas within the HCS, with a strong seasonal signal in

2. Methods
2.1. Field sampling
In August 2002, the Center for Oceanographic Research in the
eastern South Paciﬁc (COPAS) initiated a monthly time series of hydrographic and biogeochemical observations at a station located
∼20 km oﬀshore on the shelf oﬀ south-central Chile (St. 18,
36°30.80′S- 73°07.75′W, depth 90 m; Fig. 1), between the submarine
canyons of the Biobío River (36°52′S) and the Itata River (36°05′S). All
cruises were carried out on board the R/V Kay-Kay of the Universidad
de Concepción. During the 11-year period spanned by this study (Jan.,
2003 – Dec., 2013), 110 surveys were conducted for CTD proﬁles
during a total of 132 months (a monthly service was envisaged but
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2.2. Oceanographic data and dissolved nutrients
With up to six CTD casts conducted on any given cruise, average
proﬁles of temperature and salinity could be constructed for each
monthly visit to Station 18. Hydrographic proﬁles were displayed between 0 and 40 m depth to obtain better resolution of the variability in
the upper water column. Missing data within the time series were ﬁlled
using the climatological (2003–2013) monthly means adjusted for the
temperature/salinity anomalies of the previous and following month
(Schneider et al., 2017). For example: the highest seasonal surface
temperatures occurred in February. When a February cruise was missed
during an anomalously warm year, the missing data was replaced using
the climatological mean for February plus the positive anomalies observed in January and March of that same year. Monthly anomalies of
temperature and salinity were computed as the diﬀerence between the
observed value and its climatological (2003–2013) mean value for the
same month and depth (Supplementary material Fig. 1S).
Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.pocean.2018.10.001.
Samples for nitrate and phosphate were ﬁltered (GF/F ﬁlters) on
board while samples for silicic acid were not ﬁltered. Subsequently,
samples were frozen (−20 °C) prior to analysis in the laboratory.
Nutrients were determined using an auto-analyzer (Alpkem ﬂow solution IV; period 2003–2009; Strickland and Parsons, 1972) and colorimetric methods (SEAL Analytical autoanalyzer; period 2010–2013;
Grasshoﬀ et al., 1983). The analytical error for the nutrient measurements was assessed through the coeﬃcient of variation (CV) of the
triplicate measurements for any given depth. Samples with a CV >
10% were not included in the nutrient database following the criterion
of Farías et al. (2015). The detection limits for nitrate was
0.75 µmol L−1, for silicic acid 0.67 µmol L−1 and 0.051 µmol L−1 for
phosphate.
Fig. 1. Geographic location of the ﬁxed time-series station (St. 18) over the
south-central Chile continental shelf, superimposed on the average ﬁeld of Sea
Surface Temperature for the period 2003–2013. SST derived from Level 3
MODIS-Aqua imagery provided by the Ocean Biology Processing Group (OBPG)
at NASA's Goddard Space Flight Center; white contours correspond to the 200
and 100 m isobaths. Triangles to the west and south of St. 18 indicate the
geographic location for which Blended Seawinds (white) and weather station
data at Pt. Hualpen (red) were obtained. Major rivers are shown in blue. Blue
diamonds on the Itata and Biobio Rivers show the location of the hydrological
stations for which daily outﬂow data were obtained. (For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the web
version of this article.)

2.3. Phytoplankton abundance
Samples for diatom counts (250 ml) were taken from the Niskin
Bottle and preserved in buﬀered formalin (4%). Sub-samples of
20–50 ml were placed in settling chambers for 30 h prior to analysis
under an inverted microscope (Zeiss Axiovert 200) using the standard
methodology (Utermöhl, 1958). Diatoms were counted and identiﬁed
at magniﬁcations of 200–400x and were quantiﬁed by either by observing the entire sedimentation chamber, or by observing a portion of
the chamber when abundance was high (i.e. transects or half the
chamber). Taxa were identiﬁed with reference to taxonomic keys and
relevant supporting literature (Rivera, 1969; Tomas, 1997). Diatoms
quantiﬁed in the settling chambers included all micro-phytoplankton
(> 20 µm) and most of the nano-phytoplankton fraction (2–20 µm).
Although the magniﬁcation used (200–400 x) only allows reliable
identiﬁcation of diatoms larger than ∼5 µm in size, abundance of small
diatoms (< 5 µm) was never the dominant size group during the study
period. Nevertheless, some chain-forming diatom genera such as Skeletonema and Leptocylindrus (∼5 µm in width) were accurately identiﬁed under the microscope. Analytical biases due to changes in personnel were minimized by using the same technician and microscope
for the entire study. At least 100 cells of the most representative diatom
species were counted using the Utermöhl method, and the uncertainty
associated with these counts was around 10% error (Venrick, 1978).
Finally, species diversity within the diatom assemblage was quantiﬁed
with the Shannon-Weaver index H’ (Shannon and Weaver, 1949):

coverage of ca. 83% was achieved). During the other months, the station could not be visited because of either bad weather or vessel
maintenance. Of the total of 110 surveys, 108, 110 and 104 monthly
measurements were carried out for dissolved nitrate, phosphate and
silicic acid, respectively. The CTD was also equipped with an oxygen
sensor, which was calibrated using a semi-automatic version of the
Winkler method (Williams and Jenkinson, 1982; Knap et al., 1993).
During several sampling dates (14 out of 110 cases) the oxygen sensor
did not function and in situ oxygen titrations conducted during those
cruises were used instead.
The lower boundary of the euphotic zone was determined as the
depth at which PAR (photosynthetically active radiation) was 1% of the
observed surface value. Discrete water samples for determinations of
dissolved oxygen and inorganic nutrients (NO−3 , PO34−, Si(OH)4) were
collected with Niskin bottles at depths of 0, 5, 10, 15, 20, 30, 40, 50,
and 80 m. Samples for estimates of diatom abundance were obtained at
depths of 0, 10 and 30 m (during 91, 118 and 63 monthly surveys,
respectively). During 81 of the monthly surveys, additional water was
collected to carry out incubations for primary production and community respiration.

s

H '= − ∑

i=1

pi log2pi

(1)

where pi is the relative importance of species i, derived from cell
numbers (Ni/Nt). Ni is the number of cells of species i while Nt is the
total number of cells for all recorded species.
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Fig. 2. St. 18 time series data (January 2003 – December 2013) for the upper layer (0–40 m depth): (a) Temperature. (b) Temperature anomalies (the zero anomaly
contour is overlaid in black). (c) Salinity (a density contour σt = 26.25 is overlaid in white indicating upwelling water). (d) Salinity anomalies (the zero anomaly
contour is overlaid in black). Red dots on the bottom axis of the lower panel indicate months when St.18 sampling was conducted (see Section 2.2 on interpolation of
data due to gaps).

while ratios of < 1 indicate net heterotrophy. The system was deemed
as in metabolic balance or “coupled” when most of the photosynthetic
organic matter production was consumed within a 24-hour cycle (GPP
/CR ∼ 1). The term “decoupled” was used when GPP and CR were out
of phase for more than 24 h, so that the GPP/CR ratio was either > 1
or < 1.

2.4. Gross primary production and community respiration experiments
Eighty-one experiments were carried out from September 2003 to
October 2013 to estimate gross primary production (GPP) and community respiration (CR) at four depths within the euphotic zone: 2, 10,
20, and 30 m. Rates of GPP and CR were estimated from changes in
dissolved oxygen concentration during incubations of light and dark
bottles (Strickland, 1960). Water from Niskin bottles was transferred to
gravimetrically calibrated 125-mL borosilicate bottles using a silicone
tube; ﬁve time-zero bottles, ﬁve light bottles and ﬁve dark bottles were
used for each incubation. Light and dark bottles were incubated at in
situ light and temperature for 9.7 ± 1.5 h using a surface-tethered
mooring system; time-zero bottles were ﬁxed at the beginning of each
experiment. Dissolved oxygen concentration was measured using a
semi-automatic version of the Winkler method (Williams and
Jenkinson, 1982; Knap et al., 1993) based on an end-point photometric
detector, a Dosimat 665 (Metrohom) titrator and a chart recorder. The
uncertainty of these measurements was quantiﬁed as the coeﬃcient of
variation (CV) of the quintupled measurements conducted at time zero,
and for light and dark bottles. The CV for all measurements was 1.32%
(range: 0.028–12.49%), and samples with a CV > 10% were removed
from the GPP and CR database. GPP values were converted from oxygen
to carbon units using a conservative photosynthetic quotient (PQ) of
1.25, and to carbon CR values using a respiration quotient (RQ) of 1
(Laws, 1991). Rates of GPP and CR were calculated as follows:
GPP = mean [O2] light – mean [O2] dark bottles; CR = mean initial
[O2] – mean [O2] in dark bottles. Depth-speciﬁc GPP and CR rates were
integrated using a polynomial method and were expressed in g C m−2
d−1.
The GPP/CR ratio was used to determine net ecosystem metabolism
of the microbial community (Smith and Hollibaugh, 1997). Where the
GPP/CR ratio is > 1 the ecosystem is considered to be net autotrophic,

2.5. Time series of river outﬂow and its variability
To examine inter-annual variability in freshwater discharges into
the area around Station 18, data on daily outﬂow for the two largest
rivers in the region (Biobío and Itata) in 2000–2015 were obtained from
the CR2 Center’s data platform (http://explorador.cr2.cl). Because the
Itata data set had fewer gaps than the Biobío record (4% vs. 8% of
5,569 days), and taking into account the Itata river being closest and
most likely to inﬂuence hydrographic conditions at Station 18, the
analysis of trends in freshwater discharge at diﬀerent times of the
seasonal cycle was conducted only for this river. To test for trends or
sudden changes in freshwater discharge, the daily outﬂow record
available for the Itata river was time-integrated over 3-month periods
corresponding to winter (June-August) and spring (SeptemberNovember) of each year. Winter integrated outﬂow was compared to
yearly changes in the latitudinal position of the South Paciﬁc
Anticyclone (SPA) during winter. Data on the position of the SPA were
obtained from Schneider et al. (2017) and converted to anomalies by
subtracting the long-term mean (−28.8403°S; computed over the
period 1979–2013). Finally, the existence of a sudden change or a decreasing trend in springtime freshwater discharge over the study period
were respectively tested with the non-parametric Pettitt test (Pettitt,
1979) for change-point detection and the Mann-Kendall trend test implemented in the R package “trend“v1.0.1.
(https://www.rdocumentation.org/packages/trend).
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Fig. 3. St. 18 time series of dissolved inorganic nutrients and oxygen (January 2003 – December 2013): (a) Nitrate; (b) Phosphate; (c) Silicate; (d) Dissolved oxygen.
Black dots in each panel represent the monthly sampling dates and the sampling depth.

periods spanning 4 years (June 2005 – June 2009) and 3.2 years (Jan.,
2014 – Mar., 2017). For each dataset, the alongshore component of
wind velocity was obtained by rotating the wind vectors to align them
with the main axis of variability identiﬁed in each case. The main axis
of wind variability for Seawinds was almost aligned with geographic
north (0.8°E), whereas wind at Pt. Hualpen had a main axis of variability that was roughly aligned with the shoreline and that ranged between 21°E for 2005–2009 and 16°E for 2014–2017. Least-squares regression was used to ﬁt a linear model between Seawinds-derived and
Hualpen alongshore velocities for each period. A good correspondence
was observed between these daily records, both in terms of timing and
magnitude of alongshore winds (see Supplementary Material Fig. 5S).
Linear regression ﬁts yielded models with r2 = 0.65 for 2005–2009 and
r2 = 0.68 for 2014–2017. Although poleward velocities from Seawinds
appeared to overestimate the in situ measurements, upwelling-favorable
winds corresponded well with those measured in situ.
A daily time series of alongshore wind stress was obtained from the
Seawinds record and used to analyze inter-annual variability of upwelling-favorable winds using three approaches. Firstly, we produced
monthly climatologies for periods before (April 2000 – March 2010)

2.6. Time series and climatology of wind stress
Data to characterize coastal wind variability in the area were obtained from two sources: a weather station located ca. 30 km south of
Station 18 at Pt. Hualpen (see Fig. 1) and the Blended Sea Winds product provided by the NOAA National Center for Environmental Information (www.ncei.noaa.gov), with spatial and temporal resolution
of 0.25° and 1 day, respectively. Available wind measurements from the
Hualpen station spanned only 4 years of the period studied here
(2005–2009), and were also available from 2014 onwards. These two
sets of in situ wind data were used as a reference to validate the use of
Blended Seawinds over the entire study period.
Daily ﬁelds of surface wind velocity for a region delimited by
35–40°S and 72–76°W were downloaded from https://www.ncei.noaa.
gov/thredds/catalog/uv/daily for a period spanning January 2000
through March 2017. From this grid of daily wind ﬁelds, a daily time
series of wind velocity was extracted for a cell with coordinates 36.5°S
and 73.25°W (i.e. 12 km west of St. 18). As indicated above, the correspondence between alongshore velocities from Seawinds and those
measured at the shoreline of Hualpen was checked for two diﬀerent
200
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and after (April 2010 – March 2017) the observed drop in diatom
abundance detected at Station 18 after the spring-summer season of
2009–2010 (see Fig. 4). The daily time series was used to analyze the
frequency and duration of upwelling events during each spring-summer
season, deﬁned here as 1 October through 31 March of the following
year. Within each season, upwelling events were identiﬁed as periods
when alongshore wind stress exceeded and remained over a threshold
of 0.05 N m−2 (see García-Reyes et al., 2014). The number of events
thus identiﬁed and their duration (in days) were recorded for each
season, and these data later analyzed for inter-annual trends. Finally,
because of the diﬀerences in alongshore winds stress during the ﬁrst
third of the spring-summer season observed between the pre- and post2010 climatologies, and considering the importance of that period for
the subsequent diatom bloom, we quantiﬁed the alongshore stress accumulated during October and November of each year and tested
whether (and when) a signiﬁcant changed had occurred using the nonparametric Pettitt test for change-point detection (see above).

3. Results
3.1. Time series of hydrographic conditions
Temperature and salinity displayed a pronounced seasonal cycle
(Fig. 2), with the water column inﬂuenced by solar radiation in the
upper 15 m in late spring and summer. The seasonal temperature cycle
at depths > 15 m was modulated by the upwelling of colder waters
driven by southerly alongshore winds during the austral springsummer. The 26.25 isopycnal (white contour in Fig. 2c) indicated that
upwelled water during spring-summer months corresponded to Equatorial Subsurface Water (ESSW), according to Sobarzo et al. (2007).
Haline stratiﬁcation was conﬁned to autumn-winter months, fueled
by the seasonal increase in precipitation and river discharge (Fig. 2c),
as previously reported for this area (Sobarzo et al., 2007; Schneider
et al., 2017). The inﬂuence of freshwater was most pronounced in the
upper 15 m during 2003–2006 but weakened from 2007 onwards, and
was almost undetectable during the winters of 2012 and 2013. At the
inter-annual scale, average temperature and salinity anomalies in the
upper 30 m (Fig. 2b, d and Supplementary Material Fig. 1S) exhibited
two distinct hydrographic regimes: (i) a slightly warmer (temperature
anomaly +0.18 °C) and fresher (salinity anomaly −0.13) regime observed between Jan., 2003 – Apr., 2007, and (ii) a slightly cooler
(temperature anomaly −0.2 °C) and saltier (salinity anomaly +0.086)
regime observed between May 2007 – August 2013.

2.7. Statistical analyses on biological and chemical databases
A Student's t-test was used to compare oceanographic data obtained
during spring-summer and autumn-winter seasons. The Shapiro-Wilk
statistic (Shapiro and Wilk, 1965) was used to check for normality, and
the Levene test to check the homoscedasticity. When data were not
normally distributed or showed heteroscedasticity, a non-parametric
Mann-Whitney test was used to test for diﬀerences. To verify if the
observation frequency aﬀected the detection of a declining trend in
diatom abundance over the 2003–2012 period, the following simulation analysis was conducted. First, missing observations from the
monthly time series were ﬁlled by linear interpolation using adjacent
values. For every year from 2003 to 2012 (a 10-year period) a random
sampling of S monthly observations was conducted in order to construct
R = 1000 re-sampled time series. We began randomly selecting S = 12
observations per year (which is equivalent to the total number of observations available in our study) and ﬁnished selecting S = 6 observations per year, which amounts to a reduction of 50% in available
observations. For every re-sampled time series (R), a linear regression
model was ﬁtted using least squares. The statistical power P, i.e. the
probability of successfully rejecting the null hypothesis when it is false
(Bolker, 2008) was calculated for each iteration. In other words, we
estimated the probability of detecting an eﬀect, which in our case
corresponded to a declining trend over time (Johnson et al., 2015). The
statistical power of detecting a trend as a function of sample size was
calculated for R = 1,000 re-sampled time series as:

3.2. Temporal variability of dissolved nutrients and oxygen
Depth-averaged nitrate and phosphate concentrations within the
upper layer (0–30 m depth) were similar during the non-upwelling
season (April-September) (15.43 µM; 1.57 µM, respectively) and the
upwelling season (October-March) (15.81 µM; 1.85 µM, respectively).
However, the variability (coeﬃcient of variation; CV) was lower in the
non-upwelling (phosphate: 19%; nitrate: 29%) compared to the upwelling season (phosphate: 55%; nitrate: 30%). Depth-averaged silicic
acid was higher and less variable during the non-upwelling season
(13.7 µM; CV = 35.6%) compared to the upwelling season (9.66 µM;
CV = 80.1%). Nitrate concentrations of < 12 µM were often observed
in the upper 15 m during the spring-summer season, suggesting consumption by biological activity (Fig. 3a), whereas contours for 20 µM
nitrate and 2 µM phosphate at depths < 30 m (Fig. 3a and b) were
suggestive of a renewal of nutrients within the euphotic zone.
At the inter-annual scale, the time series of silicic acid concentrations showed a decreasing trend in both the upper and lower layers
(Fig. 3c). The 20 µM silicic acid contour ascended to depths < 30 m
during 2003, 2004 and 2005, but remained deeper from the spring of
2006 onwards. Moreover, periods with low silicic acid concentrations
(6 µM) within the top 15 m were increasingly observed since 2006. The
seasonal distribution of dissolved oxygen in the water column (0–80 m)
showed an ascent of the 2 ml L−1 contour to depths < 30 m only during
the spring-summer upwelling season (Fig. 3d). These low concentrations of dissolved oxygen together with the observed temperaturesalinity characteristics during spring-summer are indicative the upwelling of Equatorial Subsurface Water (ESSW).

R

P=

∑1 p < 0.05
R

(2)

Year 2013 was not considered in the analysis, given the number of
missing observations for that year. Finally, Pettitt tests (Pettitt, 1979)
were used to detect single change-points in the time series of inorganic
nutrient ratios (Si:N and N:P) and Shannon-Weaver diversity indices.
All missing data were ﬁlled with values from linear interpolation before
applying the test. Nutrient ratios were calculated as bi-monthly
averages between September 2003 and December 2008, thus producing
two time series of N = 32 observations each. The Pettitt test was not
applied after December 2008 due to the presence of missing data gaps
of > 3 months in the nutrient time series. The same test was applied to
the Shannon-Weaver monthly time series between January 2005 and
December 2012 at 0 m depth (N = 96), and between January 2003 and
December 2012 at 10 m depth (N = 120). Under the null hypothesis
(H0: no change point is detected), the non-parametric statistic KT was
estimated using the R software (R Development Core Team 2005, version 3.0.2) and the R package “trend” (Pohlert, 2016).

3.3. Diatom assemblages, plankton community rates and nutrient ratios
A total of 77 diatom species were identiﬁed during the study.
Diatom assemblages showed strong seasonality in total abundance at
both 0 m (U = 244; n = 60; p = 0.002) and 10 m depths (U = 151;
n = 55; p = 0.001), and were mostly dominated by species of
Chaetoceros (30.01%), Skeletonema (16.21%), Thalassiosira (10.41%)
and Leptocylindrus (7.58%). Other species accounted for 35.5% of total
diatom assemblages found during the upwelling season (Fig. 4). Mean
diatom abundance at 10 m depth reached the highest values during
summer 2003, spring-summer 2003/2004, spring-summer 2004/2005
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and spring-summer 2005/2006 (mean: 1.56 × 106 cell L−1; range:
2.8 × 103–5.8 × 106 cell L−1), whereas lower diatom abundance was
observed during the spring-summer seasons of 2006/2007 and 2007/
2008 (mean: 0.56 × 106 cell L−1; range: 0–1.5 × 106 cell L−1). Differences between these two periods, however, were not statistically
signiﬁcant (U = 136; n = 39; p > 0.05). During spring-summer 2008/
2009, diatom abundance increased to a mean of 1.97 × 106 cell L−1
(range: 1.06 × 106–3.6 × 106 cell L−1). Finally, diatom abundance
decreased sharply from May 2009 until December 2013 (0.21 × 106
cell L−1; range: 1.7 × 103–0.7 × 106 cell L−1) (Fig. 4). A similar pattern of variability in diatom presence was observed at 0 m depth, although cell abundances during spring-summer 2007/2008 were higher
than at 10 m. Despite some missing data from depths of 0 and 30 m,
inter-annual changes in diatom abundance were consistent with those
observed for 10 m depth, and exhibited a similar drop from the springsummer of 2010 onwards (except for one sample from 0 m in Jan.,
2010). All samples collected from 2010 until the end of our study, and
throughout the euphotic zone (0, 10, and 30 m depth), showed total
diatom abundances below 1 million cells per liter.
Diatom abundance exhibited a declining trend during the entire
period studied, although the simulation conducted to verify whether a
change in observation frequency had inﬂuenced this trend indicated
that a reduction in the number of monthly observations per year (S)
produced a drop in statistical power P (see Table 1). However, only a
slight decrease of P was found for a reduction from S = 12 to S = 8
monthly observations within a year. A greater reduction in P (ca. 30%)
occurred when S = 6. Since 80% power is typically considered adequate (Johnson et al., 2015), we concluded that having at least 7 observations per year (S = 7) provided enough statistical power
(P = 84.3, Table 1) to detect a declining trend. Our ﬁndings therefore
indicated that the long term decrease of diatom abundance over time is
robust, and does not represent an artifact resulting from limited number
of available data points.
This decreasing trend of total diatom abundance was accompanied
by a decrease in species diversity (Shannon-Weaver index, H’). The
application of Pettitt tests to detect single change-points in the
Shannon-Weaver time series showed similar results for 0 and 10 m
depth (Supplementary Material Fig. 2S). In both cases a signiﬁcant
change in diversity occurred after December 2008, as evidenced by the
KT statistic of the Pettitt test of 832 (p < 0.05) for 0 m and 1571
(p < 0.01) for 10 m depth. The mean Shannon index at 0 m dropped
from 1.88 in 2003–2008 to 1.33 after December 2008, with a concurrent drop from 2.14 to 1.45 at 10 m depth (Supplementary Material
Fig. 2S).
Time series measurements of GPP and CR at St. 18 (Fig. 5a, b)
showed a marked seasonal cycle, with signiﬁcantly diﬀerent rates in the
spring-summer and fall-winter seasons (U = 614 and 884, n = 102,
p < 0.05, respectively). Depth-integrated GPP was highest (range:
0.4–25.8 gC m−2 d−1) between September and March, and lowest
(range: 0.1–11.5 gC m−2 d−1) between April and August, with maximum levels recorded in December 2003 (25.8 gC m−2 d−1), January
2005 (17.6 gC m−2 d−1), and November 2006 (17.5 gCm−2 d−1).
Spring-summer GPP rates showed a decreasing trend from September
2003 to October 2013. CR rates were also highest between September
and March (range: 0.07–30.2 gC m−2 d−1), and lowest between April
and August (range: 0.01–6.28 gCm−2 d−1). These CR rates peaked in
December 2003 (30.2 gCm−2 d−1), October 2008 (11.8 gCm−2 d−1),
and October 2010 (13.6 gCm−2 d−1). A seasonal cycle in GPP/CR ratios

was not detected (Fig. 5c), but the values showed high inter-annual
variability with the highest decoupling (mean GPP/CR: 10.9 ± 14;
range: 0.1–51.8) occurring between October 2004 and January 2007
when the GPP rates were > 3 gC m−2 d−1with the exception of one
value (GPP/CR = 20) measured in June 2006 (0.2 gC m−2 d−1). The
lowest ratios (mean GPP/CR: 1.17 ± 0.6; range: 0.1–3.06) occurred
from February 2007- October 2013. Diﬀerences in GPP/CR ratios between pre- and post 2007 were signiﬁcant (U = 381; n = 74,
p = 0.003).
Dissolved nutrient ratios (raw data) from January 2003- December
2013 showed a clear decrease in Si:N during 2006 and an increase of
N:P during 2005 (Supplementary Material Fig. 3S). The Pettitt test
showed a signiﬁcant breakpoint in the N:P ratio (KT = 191, p < 0.01)
after September-October 2005, whereas the Si:N ratio dropped sigafter July-August 2006
niﬁcantly (KT = 274, p = 0.0001)
(Supplementary Material Fig. 4S). The N:P ratio increased from 8.74 to
11.37 and the Si:N decreased from 1.04 to 0.50 in periods before and
after the change point.
3.4. Inter-annual ﬂow of the Biobío and Itata rivers and its relationship to
salinity and Si:N ratio
An inter-annual trend of decreasing freshwater discharges during
the past decade is apparent from the time series, for both major rivers in
the area (Fig. 6a). Changes in the freshwater outﬂow from the Itata
River integrated over winter months (June through August) were positively correlated (r = 0.75, p = 0.001) with changes in the wintertime
latitudinal position of the South Paciﬁc Anticylone (Fig. 6b). In addition, mean outﬂows of the Biobío and Itata Rivers in autumn-winter
(May-September) were negatively correlated with the average salinity
in the upper layer (0–30 m) (r = 0.63; n = 55; p < 0.0001 and
r = 0.66; n = 55; p < 0.0001, respectively) (Fig. 7a, b). The linear
relationship observed between average salinity (0–30 m) and Si:N ratio
(0–30 m) during the winter season (r2 = 0.59; n = 25; p < 0.0001)
indicated that most of the variance in Si:N ratios can be explained by
changes in salinity (Fig. 7c). We found no direct relationship between
Si:N ratios and river discharges.
3.5. Time series of wind stress measurements
The daily time series of alongshore wind stress (Fig. 8a) exhibited
the seasonal pattern in upwelling/downwelling conditions that has
been previously reported for this region. Upwelling-favorable winds are
predominant during spring-summer months, and episodic strong poleward winds occur during the winter. Inter-annual variability appeared
to manifest itself in two ways: an apparent increase in the frequency of
wind ﬂuctuations during the summer after 2010–2011, and a weakening of poleward winds during winter months after 2011 (Fig. 8a).
This observation was supported by the wind climatologies computed for
alongshore wind stress, which showed that until 2010 the monthly
means exhibited the expected seasonal reversal, with poleward winds
occurring in May-August and equatorward winds from September
through April of the following year (Fig. 8b). After 2009, however,
mean alongshore wind stress remained positive through most of the
winter, barely crossing the zero line in August. An apparent intensiﬁcation of springtime wind stress was also apparent, with stronger
upwelling-favorable winds in October and November, prior to the
months during which diatoms typically bloom (Fig. 8b).
The duration of events with upwelling-favorable winds exhibited an
asymmetrical distribution in all seasons, with median durations (and
upper quartiles) that ranged between 2 and 4 d (and 4–6 d) (Fig. 8c).
Three seasons (2006, 2013, 2014) were exceptions to this pattern and
exhibited longer events, with median durations (and upper quartiles) of
5–6 d (and 7–9 d). Consistent with the longer duration of events during
these seasons the total number of events recorded between October and
March dropped from ca. 25 to less than 20.

Table 1
Statistical power (P) calculated for S available observations per year using
R = 1000 resampled time series.
Number of observations per year (S)

12

11

10

9

8

7

6

Power (P, %)

100

100

99.7

98.1

93.3

84.3

72.7
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Fig. 4. Raw data of total diatom abundance and taxonomic composition obtained from St. 18at 0, 10 and 30 m depth from January 2003 to December 2013. In some
months two oceanographic samplings were conducted (e.g. 2003, 2004 and others). Asterisks indicate missing data, whilst months without asterisks and a bar
indicate that diatom abundances ranged between 0 and 4.7 x 104 cell L−1 (0 m depth), 0–3 x 104 cell L−1 (10 m depth) and 0 and 80 cell L−1 (30 m depth).

During the ﬁrst two months of spring (October-November), the
inter-annual change in cumulative alongshore stress showed a clear
increase after 2009 (Fig. 8d). A Pettitt test applied to this time series
indicated that the post-2009 increase in cumulative alongshore stress
for October-November was statistically signiﬁcant (KT = 68, p = 0.01),
whereas no change in cumulative stress was observed during December-January (KT = 26, p = 0.92). Cumulative stress in FebruaryMarch also showed a trend to increase after 2009; however, the change
was not statistically signiﬁcant (KT = 46, p = 0.17). Concurrent with
the post-2009 intensiﬁcation of wind forcing during the ﬁrst months of
spring, there was an apparent decrease in the springtime discharge of
freshwater from the Itata River relative to the years prior to 2009
(Fig. 8d). However, this trend was not statistically signiﬁcant (MannKendall test, p = 0.15).

production of this coastal upwelling ecosystem. Inter-annual changes in
hydrological conditions and patterns of alongshore wind stress, both
forced by changes in the latitudinal position of the SPA, appear to have
jointly driven a temporal shift in the composition and productivity of
coastal phytoplankton, as well as in net community metabolism in these
highly productive shelf waters oﬀ central Chile (36.5°S).
Inter-annual changes in net community metabolism (GPP/CR) were
associated with the shift in hydrographic conditions from warmer/
fresher to cooler/saltier, and a drop in silicic acid concentrations within
the euphotic layer that drove Si:N ratios below 0.5 from August 2006
onwards. The timing of these shifts is consistent with the documented
southward displacement of the SPA in 2007 (Schneider et al., 2017),
and our data also demonstrate a positive correlation between the latitudinal position of the SPA and river discharge into the coastal ocean
(Fig. 6). Negative anomalies (i.e., southward displacement) in the
wintertime position of the SPA appeared associated with a reduction in
river outﬂow and a subsequent increase in surface salinity at Station 18
(Schneider et al., 2017). Although we did not ﬁnd a direct relationship
between Si:N ratios and river discharges, most of the variance in Si:N
ratios at Station 18 during autumn-winter can be explained by changes
in surface salinity. Wintertime freshwater discharge may increase the
supply of silicic acid from land to coastal waters thus increasing dissolved Si:N ratios in the study area. The observed reduction of silicic
acid concentrations in the upper water column after July-August 2006,
together with a dryer coastal climate and reduced river discharges since
2007, suggests that ﬂuvial sources are the main drivers of changes in

4. Discussion
The upwelling-driven nitrate ﬂux to the euphotic zone is usually
identiﬁed as the main mechanism driving new primary production in
Eastern Boundary Upwelling Systems (Messié et al., 2009; García-Reyes
et al., 2014). Changes in this supply of upwelled nitrate have often been
invoked to explain ecosystem changes at scales ranging from seasonal
(e.g., Barth et al., 2007) to multi-decadal (Roemmich and McGowan,
1995; Chavez et al., 2003; Rykaczewski and Checkley, 2008). Here we
have shown that alongshore wind alone is not suﬃcient to understand
ﬂuctuations in the biological component, and particularly the primary
203

Progress in Oceanography 168 (2018) 196–209

B.G. Jacob et al.

Fig. 5. Integrated monthly measurements obtained from St. 18 (September 2003 – October 2013) (0–30 m depth) on: (a) gross primary production (GPP), (b)
community respiration (CR) and (c) community net metabolism (GPP/CR). Vertical lines below the x axis correspond to 1 January of each year. Dashed blue line
indicates that GPP = CR. Asterisks indicate missing data for GPP, CR and GPP/CR, whilst months without asterisks and bar indicate GPP and CR rates < 0.3 g C m−2
d−1.

balance between production and respiration) in this coastal ecosystem
are not well understood. Studies conducted elsewhere have suggested
that the size structure of autotrophs may be an essential factor for the
GPP versus CR relationship in the plankton community (Legendre and
Le Fèvre, 1995; Smith and Kemp, 2001; Teira et al., 2001, Jacob et al.,
2011). Changes in GPP/CR ratios could also be driven by variations in
the taxonomic composition of the phytoplankton resulting from variable physiological responses to silicic acid concentration within the

dissolved Si. However, more studies will be required to elucidate the
complex interplay between the oceanic Subantarctic Surface Water
(SAASW), rich in dissolved inorganic nitrogen (DIN) but poor in dissolved silicic acid (Zentara and Kamykowski, 1981; Hutchins et al.,
2001; Sarmiento et al., 2007), and river discharges that are rich in DSi
in this area.
The mechanisms that underlie inter-annual ﬂuctuations (i.e. net
community metabolism shifting from high net autotrophy to near

Fig. 6. (a) Daily outﬂow time series for the two main rivers discharging freshwater into the area around Station 18: Itata River (blue) and Biobio River (orange). Ticks
on the x axis correspond to 1 January of each year. (b) Relationship between the winter (June through August) freshwater discharge of the Itata River and the winter
anomaly in the latitudinal position of theSouth Paciﬁc Anticyclone (SPA). Data on SPA position is taken from Schneider et al. (2017, Fig. 7c). (For interpretation of
the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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is typically ca. 1:1 (Brzezinski, 1985; Ragueneau et al., 2000), and a
decrease in the availability of dissolved Si relative to nitrogen can cause
a pronounced drop in the growth rate of diatoms and increased growth
of non-siliceous phytoplankton taxa (Conley et al., 1993; Dortch et al.,
2001; Dongyan et al., 2013). Although the minimum silicic acid concentrations detected in the upper layer (ca. 6 µM) may not be low enough to limit diatom growth rates (e.g. < 2 uM) (see Egge and Aksnes,
1992), lower concentrations of silicic acid could have occurred without
detection within our monthly sampling interval. Moreover, diatoms
may be uptake limited without being growth limited (Martin-Jézéquel
et al., 2000 and cited therein), and at station 18, diatoms may have
experienced kinetic limitation, especially when Si:N ratios were closer
to 0.25 (Gilpin et al., 2004) during the period between 2007 and 2009
(average: 0.49; range: 0.2–0.9). Kinetic limitation could result in lower
siliciﬁcation rates (i.e. reduced silica per cell) to avoid growth limitation by suboptimal Si concentration, and this limitation could be species
speciﬁc with consequent shifts in composition of phytoplankton assemblages. This could have potential indirect consequences for biogeochemical fate (e.g. less ballasted cells, reduced export eﬃciency,
higher susceptibility to grazing, increased remineralization eﬃciency).
We do not have sediment trap data for the period 2003–2013, but
published observations from sediment trap deployments at Station 18 in
2002–2005 did indeed indicate that higher sedimentation rates during
the productive season tended to coincide with diatom dominance and
elevated ﬂuxes of particulate organic carbon (Montero et al., 2007;
González et al., 2007). In fact, GPP rates and vertical ﬂuxes of particulate organic carbon and Si are tightly coupled to the contribution of
zooplankton pellets (González et al., 2007). Lower dissolved Si in the
SPA-aﬀected waters after 2007 could be coupled with reduced export
eﬃciency driven by reduced Si/cell (caused by kinetic limitation), and
a larger fraction of ﬁxed carbon potentially respired in the surface
layer. We therefore suggest that photosynthetically ﬁxed carbon
available for export to the deep ocean or to higher trophic levels may
have been higher between 2003 and 2006, than after 2007.
While community net metabolism exhibits relationships with atmospheric (SPA position), hydrological (river outﬂow) and chemical
(silicic acid) conditions, a key ﬁnding of our study is that two opposite
trends could explain most of the observed inter-annual variability in
diatom abundance and primary production rates between 2009 and
2013. Firstly, the intensiﬁcation of upwelling-favorable winds and
secondly, a sustained drop in freshwater discharged by the main rivers
during the spring months. Our analyses have conﬁrmed that a decline in
diatom abundance has indeed occurred throughout the euphotic zone at
Station 18, with abundances below 1 million cells per liter recorded
since the spring of 2010. This decline in diatom abundance was associated with signiﬁcant changes in diatom diversity from 2009 onwards
when upwelling-favorable winds in the spring months (OctoberNovember) intensiﬁed signiﬁcantly.
The intensiﬁcation of equatorward winds in the region, combined
with a weakened stratiﬁcation at Station 18 after 2007 (Schneider et al.,
2017), resulted in stronger upwelling (Pino-Pinuer et al., 2014) and a
deepening of the mixed layer during the 2008–2010 period (Station 18;
Medellin-Mora et al., 2016). This may have driven higher levels of
mixing and turbulence with consequences for light limitation of diatom
growth. These changes may have driven the levels of mixing and turbulence beyond those suitable for diatom growth. Alternatively, or
additionally, an increase in losses of phytoplankton biomass from the
coastal band may have also occurred due to enhanced oﬀshore advection of surface waters, which is consistent with a growing body of literature that suggests a non-monotonic relationship between alongshore
wind and the biological response in EBUSs. These strong winds appear
to negatively aﬀect primary productivity and phytoplankton biomass
through physical mechanisms, such as enhanced oﬀshore advection
(and loss) of coastal nutrients and organic matter, and subduction of
phytoplankton below the euphotic zone through stronger mixing or
turbulence. In the upwelling system oﬀ northern Africa, Huntsman and

Fig. 7. (a) and (b) Pearson correlation between Biobío and Itata River outﬂows
and average salinity (0–30 m) from St. 18 during winter (May-September
2003–2013). (c) Linear relationship between average salinity and Si:N ratio
(average for 0–30 m depth in both cases) during autumn-winter seasons, based
on in situ St. 18 data (2003–2013). Biobío and Itata River outﬂow data were
obtained from the CR2 Centeŕs data platform (http://explorador.cr2.cl).

assemblage (Yamamoto and Tsuchiya, 1995; Nelson and Dortch, 1996).
A comparison of diatom abundance at Station 18 between 2002 and
2006 and 2006–2009 showed a substantial reduction in the abundance
of Skeletonema (ca. 82%) and Leptocylindrus (ca. 66%), with Chaetoceros
and Thalassiosira remaining virtually unchanged in their abundance
over the same period (Anabalón et al., 2016). Together, the diatom
genera Skeletonema, Chaetoceros and Thalassiosira account for > 70% of
total diatom abundance at Station 18, and play an important role in the
transfer of organic material between the upper water column and shelf
sediments during spring-summer (González et al., 2007).
The ratio of uptake of silicic acid to nitrogen during diatom growth
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Fig. 8. (a) Time series of alongshore stress derived from Blended Seawinds for a cell centered at 36.5°S–73.25°W near St. 18 (see Fig. 1), with daily data and a 5-day
running mean indicated by gray and blue lines, respectively; ticks on the x axis correspond to 1 January of each year. (b) Summer-centered monthly climatology of
alongshore wind stress (blue) and diatom abundance (green) at St. 18. Wind climatology was computed for two diﬀerent periods: April 2000 – March 2010 (ﬁlled
symbols) and April 2010 – March 2017 (empty symbols), while the climatology of diatom abundance was computed using data collected until March 2010. (c)
Median ( ± 25% and 75% quartiles) of the duration of upwelling-favorable wind events (black line and symbols) together with the number of events (gray dashed
line) detected for each spring-summer season (October-March). (d) Inter-annual variability of cumulative alongshore wind stress for October-November (black),
together with ﬂuctuations in cumulative outﬂow of the Itata River for September-November of each year (blue dashed line). (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to the web version of this article.)

obtained oﬀ Coquimbo at the COSMOS station (coastal) during November 1997 was 2.8 g C m−2d−l (Daneri et al., 2000), a rate similar to
those reported for coastal (0.1–2.9 g C m−2 d−l) and oceanic (0.2–1.3 g
C m−2d−l) areas by Montecino et al. (1996). This lower productivity
has been attributed to strong upwelling (Daneri et al., 2000), although
other processes, such as iron limitation, could also be considered
(Torres and Ampuero, 2009). In the present study, GPP rates averaged
3.81 gC m−2 d−1 and ranged between 1.46 gC m−2 d−1 and 11.55 gC
m−2 d−1 from 2009 onwards during the productive season when the
upwelling favourable winds were intensiﬁed. This rate was comparatively higher than GPP at Coquimbo suggesting that at Station 18, the
intensiﬁcation of upwelling favourable winds since 2009/2010, did not
reduce phytoplankton productivity compared to Coquimbo.
The relationship between turbulence and phytoplankton productivity may, therefore, need to be re-analyzed in the context of
physical factors such as upwelling intensity under a climate-change
scenario. Accordingly, the relationship between upwelling and productivity is thought to be dome-shaped (Bakun et al., 2015). When
upwelling is weak, limited nutrient input restricts primary productivity,
but when upwelling is too strong, turbulence could drive light limitation due to the deepening of the mixed layer, and planktonic organisms
may be advected oﬀshore. Moderate upwelling winds appear to result
in optimal conditions for phytoplankton growth, and the occurrence of
blooms that can support small-pelagic ﬁsheries in EBUS (Cury and Roy,
1989). Such relationships between upwelling intensity and productivity
have been documented in the nearshore environment within the California Current System (Jacox et al., 2016).
In the present study, the evaluation of mechanisms involved in the
observed drop of diatom abundance was somewhat limited by having
data from a single station on the continental shelf. Therefore, we have
also used satellite information based on surface ﬂuorescence as an appropriate proxy for distribution of phytoplankton biomass in the surface

Barber (1977) found that photosynthesis was depressed during periods
of deep mixing which maintained cells at depths where PAR light was
10% of surface levels. In the California Current System, elevated concentrations of chlorophyll-a have been found over 300 km oﬀshore of
the productive coastal upwelling region, demonstrating the importance
of mesoscale physical dynamics in horizontal carbon transport (Barth
et al., 2002; Plattner et al., 2005). Processes leading to the subduction,
cross-shore transport, and downstream advection of upwelled water
masses are frequent and persistent in the California Current System
(Bograd and Mantyla, 2005; Messié and Chavez, 2015; Nagai et al.,
2015). An idealized circulation model of coastal upwelling, coupled to
an ecosystem model, showed that in the presence of mesoscale activity,
the downward and oﬀshore export of phytoplankton, zooplankton, and
detritus signiﬁcantly contributes to total export of organic matter out of
the surface coastal ocean (Lathuilière et al., 2010). Additionally, in the
four most productive EBUSs, relationships between satellite-derived
estimates of net primary production, upwelling intensity, and eddy-kinetic energy suggested that high levels of eddy activity tend to result in
low levels of biological production (Gruber et al., 2011). A summertime
study conducted on the Oregon coast (Evans et al., 2015) proposed that
rapid oﬀshore advection and subsequent subduction of phytoplankton
before it could exhibit a signiﬁcant growth response, was a likely explanation for the persistently low chlorophyll levels and elevated pCO2
observed in surface waters throughout an upwelling event.
In the HCS (∼36°S), high primary production rates (∼26 gC m−2
d−1) have been associated with episodic upwelling-favorable events
(Daneri et al., 2000; Montero et al., 2007), while areas with persistent
upwelling winds at ∼30°S have consistently exhibited lower production rates (Montecino et al., 1996; Daneri et al., 2000). Oﬀ Coquimbo
(30°S), productivity rates are consistently in the lower range of primary
production rates found in other upwelling centers within the HCS oﬀ
Chile and Peru (Daneri et al., 2000). For example, depth integrated GPP
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Fig. 9. (a) Long-term (2003–2017) mean ﬁeld of normalized surface ﬂuorescence (nFLH) derived from MODIS-Aqua monthly composites. (b) Inter-annual variability
in the cross-shore position of the nFLH maximum at latitude 36.5 S (i.e. Station 18) for each monthly composite of spring-summer (October through March of the
following year). (c) Mean ( ± 1 SD) position of the nFLH maximum for each spring-summer month along the time series. The dashed vertical line in panels (b) and (c)
corresponds to the cross-shelf position of Station 18.
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layer (< 20 m depth). The bulk of the phytoplankton in this coastal
zone is concentrated within this layer, and diatoms contribute largely to
total ﬂuorescence or Chl-a during the upwelling period (Anabalón et al.,
2016). Data derived from monthly composites of MODIS-Aqua normalized ﬂuorescence (nFLH) for this area of study (35–39°S, ca.
73–75°W; Fig. 9) indicated that, since 2010, there has been an oﬀshore
shift (ca. 100 km) in the cross-shore position of the ﬂuorescence maximum (corresponding to Station 18), at least during the upwelling
period of February and March. Accordingly, we found that higher
diatom abundances and productivity rates prior to 2010 were associated with moderate wind stress values (cumulative wind stress:
2–4 Pa); whereas lower diatom abundances and productivity were associated with higher cumulative wind stress: > 4.5 Pa. Our observations on interannual changes in diatoms are consistent with other recent
ﬁndings based on satellite times series of Chl-a and wind stress
(2002–2012) for the coastal region between 35 and 38°S, which suggest
a negative trend in Chl-a associated with upwelling intensiﬁcation
during the upwelling season, with lower Chl-a values observed after
2008 (Corredor-Acosta et al., 2015).
Our ﬁndings suggest that further intensiﬁcation of upwelling-favorable winds (diatom growth being light-limited), combined with
changes in the pattern of precipitation and river discharges (lower Si in
the SPA-aﬀected waters), may have adverse eﬀects on the composition,
productivity and carbon export in shelf waters of this and other coastal
upwelling ecosystems. Given the current trends and predictions for
future climate scenarios regarding coastal winds, precipitation and
river discharges in eastern boundary currents, further work is needed to
improve our understanding of the potential impacts of these factors on
nearshore primary productivity, phytoplankton composition, and food
webs in upwelling ecosystems.
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