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• An asynchronous input of oceanic and
estuarine waters was found at northern
Patagonia.

• Surface salinity variability responds to
the phase of the Indian Ocean Dipole.

• Biogeochemistry at the surface layer
was synchronic with the salinity varia-
tion.

• A shift in phytoplankton composition
from late winter to summer was ob-
served.

• No biogeochemical signs of eutrophica-
tion were found at the Reloncaví sound.
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The postglacial Patagonian fjord system along the west coast of southern South America is one of the largest
stretches of the southern hemisphere (SH) fjord belt, influenced by the SH westerly wind belt and continental
freshwater input. This study reports a 3-year monthly time series (2017–2020) of physical and biogeochemical
parameters obtained from the Reloncaví Marine Observatory (OMARE, Spanish acronym) at the northernmost
embayment and fjord system of Patagonia. The main objective of this work was to understand the land–
atmosphere–ocean interactions and to identify the mechanisms that modulate the density of phytoplankton. A
key finding of this study was the seasonally varying asynchronous input of oceanic and estuarine water. Surface
lower salinity and warmer estuarine water arrived in late winter to summer, contributing to water column
ad de los Lagos, Puerto Montt, Chile.
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Nomenclature
SH Southern hemisphere
OMARE Spanish acronym for Observatori
IPCC Intergovernmental panel on clim
WWB Westerly wind belt
SPSA Southeast Pacific subtropical anti
ENSO El Niño-Southern oscillation
SAM Southern annular mode
SAAW Subantartic water mass
WOA Word Ocean Atlas
ESSW Equatorial subsurface water
AAIW Antartic intermediate water
PCUC Peru-Chile undercurrent
ACC Antartic circumpolar water
MSAAW Modified subantartic water
EW Estuarine water
CTD Conductivity temperature and de
DO Dissolved oxygen
SLP Sea level pressure
NCEP National Center for Environment
NCAR National Center for Atmospheric
SEF Salt effect factor
CIMAR Program of Marine Scientific Rese

Areas (Spanish acronyms)
Si* Silica star
Chl a Chlorophyll-a
N2 Brunt–Väisälä frequency
ns stratification parameter
Kf Brackish water layer
PEA Potential energy anomaly
SA Absolute salinity
AOU apparent oxygen utilization
PP Primary production
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stability, followed by subsurface higher salinity and less warmer oceanic water during fall–winter. In late winter
2019, an interannual change above the picnocline due to the record-high polarity of the Indian Ocean Dipole
inhibited water column stability. The biogeochemical parameters (NO3

−, NO2
−, PO4

3−, Si(OH)4, pH, and dissolved
oxygen) responded to the surface annual salinity variations, and oceanic water mass contributed greatly to the
subsurface inorganic nutrient input. The water column N/P ratio indicated that no eutrophication occurred,
even under intense aquaculture activity, likely because of the high ventilation dynamics of the Reloncaví
Sound. Finally, a shift in phytoplankton composition, characterized by surface chlorophyll-a maxima in late win-
ter and deepening of spring–summer blooms related to the physicochemical conditions of thewater column,was
observed. Our results support the ecosystem services provided by local oceanography processes in the north Pat-
agonian fjords. Here, the anthropogenic impact caused by economic activities could be, in part, chemically re-
duced by the annual ventilation cycle mediated by the exchange of oceanic water masses into Patagonian fjords.

© 2021 Published by Elsevier B.V.
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1. Introduction

Freshwater supply from continental basins to oceans around the
world generates estuarine systems. Fjords are the deepest (300–400
m) estuaries and are distributed inmid-high latitudes,mainly poleward
at 40° latitude (Valle-Levinson, 2010). Similar to many aquatic ecosys-
tems, Patagonian fjords in South America face substantial environmen-
tal and anthropogenic pressures (Iriarte et al., 2010; Iriarte, 2018) due to
climate change and hydrographic variability. For example, recent reduc-
tions in global precipitation have resulted in the diminishing of
freshwater supply (IPCC, 2013, 2014; Sauter, 2020), altering the gravita-
tional circulation, stratification regime, and biogeochemical cycles of the
oceans (Bianchi et al., 2020). In contrast, an SST increase has intensified
glacial freshwater drainage, enhancing sea-level rise in Patagonian
fjords in recent decades (Rignot et al., 2003). In this context, ecosystems
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have becomemore vulnerable. Therefore, it is necessary to seek newad-
aptation measures (Nazarnia et al., 2020) to mitigate the effects of sea
level rise due to climate change. Furthermore, intense aquaculture ac-
tivity and the continuous increase in human settlements along the Pat-
agonian fjord coastlines have resulted in large amounts of organic
matter being added to the water of the fjords (Quiñones et al., 2019),
contributing to the degradation of their aquatic environments
(Andersen et al., 2006). As estuarine ecosystems, these fjords are influ-
enced by the land, ocean, and atmosphere, providing opportunities for
comprehensive interdisciplinary studies to understand the interactions
between coastal oceanography processes, atmospheric circulation, and
biogeochemical cycle responses.

In general, coastal oceanographic studies of fjords focus on the tidal
regimen and hydrographic conditions as two important drivers'of fjord
circulation (Farmer and Freeland, 1983; Inall and Gillibrand, 2010). In
the Patagonian fjords, a reduction in surface salinity occurs due to fresh-
water input from melting ice, river runoff, and precipitation (Dávila
et al., 2002), which results in a horizontal salinity gradient that contrib-
utes to the formation of the estuarine or gravitational circulation (Valle-
Levinson, 2010), where the surface current moves seaward, and a
deeper current moves landward (Hansen and Rattray, 1965). In addi-
tion, winds play an important role in the residual circulation (moving
water in periods of days), transporting surface waters along the fjord,
and thus causing an increase in the estuarine circulation (Becherer
et al., 2016). Therefore, tidal, salinity, and wind data are necessary vari-
ables that should be incorporated into fjord oceanography studies
(Burchard et al., 2011; Castillo et al., 2012; Valle-Levinson et al., 2007,
2014).The interactions between oceanic water masses and estuarine
water bodies can produce asynchronous processes among the vertical
layers in deep estuaries, such as fjord systems (LeBlond et al., 1991;
Masson, 2002; Pawlowicz, 2017). In the Salish Sea, located in the British
Columbia fjord system of Canada, colder/warmer waters were observed
in summer/winter down the 200m profile. This paradoxical situation is
explained by atmospheric forcing (Pawlowicz, 2001). In this fjord sys-
tem, a portion of the surface water which is heated during the boreal
summer is transported to the adjacent oceanicwater, and the other por-
tion of warmer water is mixed in fjord areas where intense vertical
mixing occurs, staying in intermediate and deep layers of fjords
(LeBlond et al., 1991; Masson, 2002; Pawlowicz, 2017).

The Patagonian fjords extend over ~240,000 km2 from 41°S to 56°S
along the coastline of southern Chile, thus receiving the influence of
the vast South Pacific Ocean. This fjord system is connected to rivers
that originate in the austral Andes mountains, less than 100 km from
the ocean. This region exhibits a temperate, hyper-humid climate with
mean precipitation between 2000 and 5000 mm/year, caused by the
frequent passage of extra tropical storms (Garreaud, 2009; Pérez-
Santos et al., 2019) embedded in the southern hemisphere (SH) west-
erly wind belt (WWB) impinging against the austral Andes year-
round (Fig. 1a). During austral summer (December–February), how-
ever, the Southeast Pacific Subtropical Anticyclone (SPSA) expands
southward, reaching the northern part of western Patagonia, thus



Fig. 1. (a) Schematic of the atmospheric circulation in South America, and the South Westerly Winds (SWW) belt, and the Southeast Pacific Subtropical Anticyclone (SPSA). (b) Map of
North Patagonia where Reloncaví Sound connects with the Pacific Ocean through the Chacao Channel, and to the Inner Sea of Chiloé though the Ancud, and Corcovado Gulfs.
(c) Location of the oceanographic-meteorological OMARE observatory (black square), the historical meteorological (DGAC), and precipitation (DGA) stations (red dot).The bathymetry
of the Reloncaví fjord system (color scale indicates depth in m) allows the entrance and distribution of subsurface oceanic water from adjacent Pacific Ocean. (d) Cross section (red
line) used to show the (e) bathymetry features of Reloncaví Sound with the oceanographic-meteorological buoy mooring.
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causing a reduction in precipitation and an increase in air temperature.
The intensity and position of the SPSA and the south westerly wind
SWW can be modified by several planetary-scale atmospheric modes
(e.g., Garreaud, 2009) at interannual and longer timescales, including
the El Niño Southern Oscillation (ENSO) and the Southern Annular
Mode (SAM), and, more recently, by human-driven climate change. In
fact, a recent southward displacement of the SPSA has been reported
(Narváez et al., 2019; Pérez-Santos et al., 2019), extending poleward
the influence of upwelling conditions up to ~43° S.

In general, estuarine systems are biologically productive and have
high levels of primary production (Burrell, 1988). The continuous
increase in nutrient supply due to anthropogenic activities
(e.g., agriculture and aquaculture) contributes to enhanced primary
production, thus changing the trophic status to more eutrophic condi-
tions in many estuaries around the world (Aitkenhead and McDowell,
2000; Andersen et al., 2006; Carstensen et al., 2013). A review of several
definitions of eutrophication carried out by Andersen et al. (2006) sug-
gests that the most suitable definition of coastal eutrophication is “the
enrichment of water by nutrients, especially nitrogen and/or phospho-
rus and organic matter, causing an increased growth of algae, and
higher forms of plant life to produce an unacceptable deviation in struc-
ture, function, and stability of organisms present in thewater, and to the
quality of water concerned, compared to reference conditions”. Patago-
nian fjords are continuously exchanged with the adjacent oceanic-rich
water, a process which transports large concentrations of nitrate
(20–30 μM) and phosphate (2–3 μM), and silicic acid (15–25 μM) into
the fjords (Silva et al., 2009). Additionally, high concentrations of Ni-
trate (10–20 μM), phosphate (0.5–2 μM), andsilicic acid (20–100 μM)
(González et al., 2019) arrive every spring-summer to the fjords due
to continental freshwater discharge (Aracena et al., 2011; Silva and
Vargas, 2014; Torres et al., 2014). Therefore, high nutrient concentra-
tions and light availability, especially in the Inner Sea of Chiloe and
Northern Patagonia, favor high primary production rates (4.8 ̶ 9.4 g C
m−3 d−1) during summer seasons (Aracena et al., 2011; Montero
et al., 2011; Daneri et al., 2012; González et al., 2013).
3

This study aims to depict the relationship between oceanic and estu-
arine water inputs into the Reloncaví Sound, the regional hydrographic
and climate regimes, response of the biogeochemistry, and phytoplank-
ton biomass in the water column. To conduct our research, we coupled
the data recorded from an atmospheric and oceanographic buoy with
long-term climate data, and a monthly sampling program from the
Reloncaví Marine Observatory (OMARE, Spanish acronym) to under-
stand the natural variability and the associated anthropogenic influence
on the Reloncaví Sound and its surrounding areas between 2017 and
2020. Hydrographic and biogeochemical data collected over this period
showed asynchrony between the surface estuarine and subsurface oce-
anic water masses, which was the motivation behind conducting this
research. One of the relevant questions addressed is how atmospheric
and oceanographic conditions impact such asynchrony, and how the
water column responds to this phenomenon. In a broader context, the
OMARE program is oriented towards understanding modern oceanog-
raphy dynamics in this ecosystemexposed to intense anthropogenic ac-
tivity, likely allowing for efficient functioning due to the annual cycle of
ventilation from the entrance of oceanic rich-nutrient subantarctic sur-
face water (SAAW) towards the inner Patagonian fjord system.

The results and discussion of this investigation are presented in sec-
tions. Section 3 describes the results of the annual and interannual cy-
cles of hydrographical and biogeochemical parameters (nitrogen,
phosphate, and silicic acid). These results allowed for the first report
of the asynchrony input of water masses in the Southern Hemispheric
fjord belt. This section also includes a detailed description of the water
column biogeochemical response to such variability and phytoplankton
distribution and density, emphasizing late winter and summer phyto-
plankton blooms. In Section 4, we discuss the surface and subsurface
water column processes that influence asynchrony. We further ad-
dressed the oceanographic and climatic processes that enhance such
asynchrony, and discuss how they influence the hydrographic-
biogeochemical cycles in the Reloncaví sound. Additionally, this section
highlights climatic anomalies such as the Indian Ocean Dipole Mode
(IOD) altering the freshwater supply into the Reloncaví sound during
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2019 and its effects on the temporal and spatial distribution of phyto-
plankton assemblages during the entire study period. Finally, our dis-
cussion focuses on the asynchrony mechanism of oceanic water input
and its effects on the biogeochemistry of this ecosystem.
2. Materials and methods

2.1. Study area

The Reloncaví Sound (41°40′S; 74°45′W) is an embayment of the
Inner Sea of Chiloé, and it slightly overlaps with the southern part of
the Lakes District of southern Chile. This fjord system has undergone a
recent geological evolution from a glacial origin, followed by a glacio-
fluvial/glacio-lacustrine phase, and ending in the present marine fjord
ecosystem. High-resolution reflection seismic data has revealed a com-
plex depositional system in which the Reloncaví fjord is divided into
four principal basins following a depth gradient towards the sound.
The convergence between the Reloncaví fjord and the Reloncaví
sound is located in the deepest zone at 458 m (Fig. 1c). The sound
depth distribution is characterized by a deep channel system with two
main branches exceeding 350m in depth (Aracena, 2005). The presence
of islands of different sizes in the embayment contributes to heteroge-
neity in terms of geomorphology and depth distribution. This region is
directly influenced by oceanic waters from the adjacent Pacific Ocean
(Pérez-Santos et al., 2014; Saldías et al., 2019; Strub et al., 2019) through
the Chacao Channel and CorcovadoGulf, but is also affected by estuarine
inputs (Sievers and Silva, 2008) and continental waters (Calvete and
Sobarzo, 2011). The entire area is considered a world heritage site,
and hosts one of the last pristine ecosystems on Earth, providing several
ecosystem services for the Earth. The sound coastline is home to more
than 200,000 inhabitants, largely concentrated in the city of Puerto
Montt, whose main activities are aquaculture (salmon farming and
mussel culture), agriculture, cattle raising, fisheries, and tourism. All
these activities are responsible for the release of large amounts of or-
ganic matter (Quiñones et al., 2019).

2.1.1. Coastal oceanography
Oceanographic conditions in the water adjacent to the Chilean con-

tinental margin between 31°S and 47°S were described using hydro-
graphic and chemical data from the World Ocean Atlas (WOA) 2018,
(Boyer et al., 2018) (Fig. S1). This area is characterized by the presence
of three water masses: (1) the SAAW (11.5 °C and 33.8 g kg−1),
(2) Equatorial Subsurface Water (ESSW; 12.5 °C and 34.9 gkg−1), and
(3) Antarctic Intermediate Water (AAIW; 3.0 °C and 34.0 g kg−1)
(Silva et al., 2009). The ESSW is characterized by a salinity of 34.9 g
kg−1, high concentrations of nitrate (20–32 μM), phosphate (2.2–2.8
μM), and silicic acid (15–25 μM), and a minimum of dissolved oxygen
(DO) between 2 and 3 mL L−1 (Silva et al., 2009). This ESSW water
mass is transported poleward by the Peru Chile Undercurrent (PCUC)
(Leth et al., 2004) and flows parallel to the Peru-Chile coastline
to~48°S (Hormazábal et al., 2006; Neshyba et al., 1989; Penven et al.,
2005).

The SAAW is part of the surface Antarctic Circumpolar Water (ACC)
(Emery, 2001) and has been observed to reach as high as~35°S
(Hernández-Vaca et al., 2017). Close to the Patagonian fjord coastline,
the SAAW receives a freshwater supply from Patagonian rivers, and gla-
cial ice melting, reducing the salinity to 33.0–33.9 gkg−1 (Dávila et al.,
2002; Saldías et al., 2019). Both the oceanic SAAW and ESSW off Chiloé
flow into the northern Patagonian channels, mainly through the Guafo
Mouth (~200 m deep) and towards the Corcovado Gulf. Subsequently,
such water masses move northward through the Corcovado Gulf,
Ancud Gulf, and Reloncaví Sound (Castillo et al., 2016; Pérez-Santos
et al., 2014; Silva and Vargas, 2014). Once SAAW is inside this fjord sys-
tem, it is mixed with continental (Salinity = 0–2 gkg−1) and estuarine
(Salinity = 2–31 gkg−1) waters (EW), forming the modified
4

Subantarctic water (MSAAW) with a salinity range of31.0–33.0 gkg−1

(Sievers and Silva, 2008).

2.1.2. Climate
PuertoMontt, the capital of Los Lagos region, is on the N− E coast of

the Reloncaví Sound. The mean air temperature ranges from ~6 °C in
July (austral winter) to ~15 °C in January (summer). Mid-latitude de-
pressions embedded in the WWB cause high precipitation (average
2000–3000 mm/year) along the coast, which can be enhanced up to
~5000 mm/year inland due to the orographic uplift of the Austral
Andes (Viale and Garreaud, 2015). Many storms which reach western
Patagonia feature atmospheric rivers, long filaments of high moisture
transport (Viale et al., 2018), whose interaction with the Andes results
in intense precipitation events (>100 mm/day) and freshwater drain-
age (Valenzuela and Garreaud, 2019).

At interannual timescales, persistent pressure anomalies over the
southern tip of South America can alter the WWB at midlatitudes and,
subsequently, the precipitation pattern over western Patagonia. Climate
variability has been linked to the ENSO and the SAM (Garreaud, 2018).
The major impact of the ENSOmanifests during austral summer: under
“El Niño” (“La Niña”) conditions thereis a tendency for high (low) pres-
sure anomalies and precipitation deficit (excess) in north Patagonia
(Montecinos and Aceituno, 2003). SAM arises from the eddy-mean
flow interaction of the high-latitude atmospheric circulation and fluctu-
ates between its positive and negative phases atmonthly or longer time
scales. During its positive phase, there are negative pressure anomalies
south of 55°S, and positive anomalies at midlatitudes causing drier con-
ditions in northern Patagonia (Gillett et al., 2006). In contrast, the neg-
ative phase of the SAM brings more precipitation to this region. SAM
has also exhibited a significant trend towards its positive polarity during
austral summer/fall over the last 3–4 decades, which is attributed to
stratospheric ozone (O3) depletion and the increase in the concentra-
tion of atmospheric greenhouse gases. The SAM tendency towards pos-
itive polarity has driven a drying trend since the mid-1970s across
Patagonia (Boisier et al., 2019) and climate models predict this drying
trend to continue for the remainder of the 21st century (Aguayo et al.,
2019).

2.2. Atmospheric and oceanographic buoy

The atmospheric and oceanographic records used in the study were
obtained from a METOCEAN buoy manufactured by OSIL, Environmen-
tal Instruments, and Systems (https://osil.com/). The buoy has a diame-
ter of 1.9 m and is anchored in the central area of the Reloncaví Sound
(41° 38′.183 S, 72° 50′.069 W) at a depth of ~240 m (Fig. 1b). The
METOCEAN buoy was equipped with a meteorological station (Gill
GMX500, sensors for air temperature, atmospheric pressure, and
wind), and a conductivity, temperature, depth instrument (CTD) and
an AML Metrec-XL (Table 1). Additionally, the CTD was equipped with
sensors for dissolved oxygen (DO), pH, and fluorescence (Aanderaa Ox-
ygen optode, Idronaut pH, and Turner Cyclops-7, respectively). The CTD
instrumentwas installed at a depth of 1.5m, and captured datawere re-
corded with an hourly temporal resolution. The temperature and salin-
ity data from the CTD were converted to conservative temperature (Θ,
in °C) and absolute salinity (SA, in g kg−1), according to the thermody-
namic equation of Seawater 2010 (Ioc, S., IAPSO, 2010). Data collection
started on the 16th ofMarch 2017, and has been continuously operating
since that date. The buoy data are free access and available online at
http://cdom.cl and http://goa-on.org.

2.3. Long-term climate data

Daily mean rainfall data were obtained from a meteorological
weather station provided by the Chilean Weather Service (DMC) at
Puerto Montt (41.46°S/72.93°W, yellow circle in Fig. 1c). Stream flow
data were provided by the Dirección General de Aguas (DGA) from

https://osil.com/
http://cdom.cl
http://goa-on.org
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the record at station Carrera Basilio (41.6°S/72.2°W; red circle in Fig. 1c)
located close to the mouth of Puelo River in the Reloncaví Fjord an area
8500 km2. Large-scale atmospheric circulation was characterized using
monthlymeans of sea level pressure (SLP)and geopotential height at se-
lected pressure levels obtained from the National Center for Environ-
mental Prediction (NCEP) and the National Center for Atmospheric
Research (NCAR) reanalysis, available from 1948 onwards on a 2.5° ×
2.5° latitude–longitude grid (details in Kalnay et al., 1996). Monthly in-
dices of ENSO, SAM, and the Indian Ocean Dipole (IOD) were obtained
from the repository maintained by the NOAA Physical Sciences Labora-
tory (PSL) available online at https://www.psl.noaa.gov/data/
climateindices.

2.4. Monthly sampling program

In tandemwith the deployment of the buoy, theOMARE observatory
began a monthly monitoring program in March 2017, aiming at under-
standing the natural variability and the associated anthropogenic influ-
ence on the Reloncaví Sound and surrounding areas. A second CTDwith
identical technical characteristics (AML Metrec-XL) was used fora
monthly time series of physical (temperature and salinity) and chemical
parameters (DO andpH) at theposition of the buoy. The time series cov-
ered the period from March 2017 to March 2020, capturing CTD data
from the surface layer to ~220 m depth with a vertical sampling rate
of 24 Hz. Additionally, a Niskin bottle (5 L) was used to collect samples
at standard depths (0, 5, 10, 15, 25, 50, 75, 100, 125, 150, and 200m) for
inorganic nutrients (NO3

−, NO2
−, PO4

3−, and Si(OH)4), pH, chlorophyll-a,
phytoplankton density, and composition. Sampleswerefiltered through
a 0.7 μm filter using a peristaltic pump and stored at −20 °C in 50 mL
acid-cleaned high-density polyethylene bottles. These samples were
analyzed with a nutrient auto-analyzer (Technicon) according to the
methods proposed by Atlas et al. (1971). Only nitrite was measured
using spectrophotometry (Strickland and Parsons, 1972). The silicic
acid results were corrected by the salt effect factor (SEF) and presented
as Si.SEF (Eq. (1)). Two types of sensors and methods were used for the
pHmeasurement. FromMarch 2017 to January 2020, pHwasmeasured
using a glass sensor (Hidronaut) attached to the CTD-O equipment. The
pH was also measured in collected water samples at standard depths
using the Phyter sensor, which is based on spectrophotometry. This por-
table equipment has a detection limit of ~0.01, and a pH range between
7.1 ̶ 9.0. Additionally, historical inorganic nutrient data obtained from
the Program of Marine Scientific Research Cruise in Remote Areas
(CIMAR, Spanish acronyms) in the Reloncaví fjord and sound were
used. These oceanographic cruises were conducted in 1995 (CIMAR-
1), 2004 (CIMAR-10), 2005 (CIMAR-11), 2006 (CIMAR-12), 2011
(CIMAR-17), and 2013 (CIMAR-19).

Arjonilla and Blasco (2003) reported that salinity affects silicic acid
concentrations, but not nitrite and phosphate concentrations. The
Table 1
Oceanographic-meteorological instruments and sensors installed at the oceanographic
buoy in Reloncaví Sound.

Equipment Sensors Range Accuracy (+/−)

CTD AML
Metrec-XL

Pressure 0–500 dbar 0.05%
Temperature −2° a 32 °C 0.005 °C
Conductivity 0–90 mS/cm ±0.01 mS/cm
Dissolved oxygen 0–800 μM 5%
Fluorescence 0–5 Voltage 0.0004
Turbidity 0–3000 NTU 2%
pH 0–14 0.01

Gill
GMX500

Wind speed 0.01–60 m/s 3% to 40 m/s
5% to 60 m/s

Wind direction 0–359° 3° to 40 m/s
5° to 60 m/s

Pressure 300–1100 hPa 5 hPa @ 25 °C
Temperature −40° C to +70 °C 0.3 °C @ 20 °C

5

salinity effect was considered due to the wide variation range (20 ̶ 33
gkg−1) in this estuarine ecosystem. Therefore, we calculated the salt ef-
fect factor (SEF) as

SEF ¼ 1:3−8:253� 10−3S ð1Þ

where S is the in situ salinity. To estimate the real concentration of silicic
acid, Eq. (2) was used:

Si OHð Þ4
� �

real ¼
Si OHð Þ4
� �

measured

SEF
ð2Þ

Using the concentration values of nitrate and corrected silicic acid
(Si.SEF), silica star (Si*) was calculated as themolar difference between
[Si(OH)4] and [(NO3

−)] (Torres et al., 2014). Positive Si* values favor di-
atom growth over other dominant phytoplankton groups, while nega-
tive Si* values suggest that other phytoplankton groups could dominate.

Water samples for chlorophyll-a (Chl-a) were filtered through 25
mm 0.7 μm GF/F filters and immediately frozen at −80 °C. Extractions
were performed in 10 mL of acetone 90% for 24 h at 4 °C in the dark.
Chl-a wasmeasured by fluorometry in a Turner Designs Trilogy Labora-
tory Fluorometer (Holm-Hansen et al., 1965).

For analyses of phytoplankton density, water samples were collected
from six discrete depths (from surface to 50 m depth) using a 5 L Niskin
bottle. Samples were stored in 120mL clear plastic bottles and preserved
in 1% Lugol iodine solution (alkaline). Fromeach sample, a 10mL subsam-
ple was placed in a sedimentation chamber and allowed to settle for 12 h
(Utermöhl, 1958) prior to identification at 40× and 100× under an
inverted microscope (Carl Zeiss, Axio Observer A.1). Finally, taxonomic
descriptions from Tomas (1997) were used to identify phytoplankton.

2.5. Derived parameters and statistical approach

The monthly time series of temperature and salinity profiles were
used to quantify the stratification and mixing conditions of the water
column throughout several indexes (Fig. 4), including the Brunt–
Väisälä frequency (N2) (Stewart, 2002), the stratification parameter
(ns) (Haralambidou et al., 2010), the surface brackish water layer (Kf)
(Blanton and Atkinson, 1983), and the potential energy anomaly (PEA,
ϕ) (Simpson et al., 1979).

The N2 was calculated using the following formula:

N2 ¼ −gE ð3Þ

whereg is the acceleration due to gravity, and E is the static stability of
the water column, defined as

E ¼ −
1
ρ
δρ
δz

ð4Þ

where ρ is the water density (1025 kgm−3) and z is the depth. The E
values were classified as follows: E > 0, stable water column; E = 0,
neutral stability of water column; and E < 0, unstable water column
(Stewart, 2002).

For calculating ns, the following formula applied was used:

ns ¼ S20m−S1m
0:5 S20m þ S1mð Þ ð5Þ

whereS is the salinity value at 20m (S20m) and at the surface layer (S1m).
ns > 1, 0.1 < ns < 1, and ns < 0.1 correspond to a highly stratified, par-
tiallymixed, and fullymixedwater column, respectively (Haralambidou
et al., 2010).

On the other hand, the Kf equation used was

K f ¼
Z

−D

Sref−S zð Þ
� �

Sref
� � dz ð6Þ

https://www.psl.noaa.gov/data/climateindices
https://www.psl.noaa.gov/data/climateindices
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where Sref is the reference salinity (S= 33), S(z) is the salinity at a depth
of z=20m, and D is the integration of the water column from the sur-
face layer to the 20m depth. The relationship between salinity and Kf is
inverse, andwhen Kf=0, thewater column is fully mixed (Dávila et al.,
2002).

Finally, we calculated PEA using the following equation:

PEA ¼ φ ¼ g
h

Z1

−h

ρm−ρð Þzdz ð7Þ

where g is the acceleration due to gravity, h is the water column depth
(20-m depth), ρm is the average surface water column density (1–20
m), and ρ is the density at depth z. When, ϕ = 0, the water column is
fully mixed, and when it is in the order of tens and hundreds, the classi-
fication applied is partially mixed and stratified, respectively.

3. Results

3.1. Annual cycles of hydrographic parameters and of the stability-mixing of
the water column

The time series of surface conservative temperature (Θ) obtained
hourly from the oceanographic buoy showed a clear annual cycle with
warmer waters during austral spring–summer (16–18 °C) and colder
waters during the austral winter (~10 °C; Fig. 2a). Within the annual
surface cycle, less coherence was observed during the spring–summer
transition among the different years (2018–2020) (Fig. 3a). The long-
Fig. 2. Temporal distribution of conservative temperature from buoys (a), and long-term mon
Monthly time series, and (d) average (black line with standard deviation in shadow grey lin
obtained at the position of the oceanographic buoy. (For interpretation of the references to col
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term monthly mean of surface Θ (Fig. 2b) revealed the warmest tem-
peratures during February (Θ = 16.6 °C ± 1.01 °C) and the coldest in
July (Θ of 10.25 ± 0.54 °C), closely following the mean annual cycle of
air temperature (not shown). Themonthly vertical profiles ofΘ allowed
the identification of water column warming during spring–summer
(October–March) in approximately the first 20 m depth, although the
less warming water reached ~50 m (Fig. 2c). In contrast, the lower
layer (from 50 m to the bottom) warms from March to November (Θ
range of 11.3–11.5 °C). Thus, the warming/cooling of the surface layer
was out of phase with the cycle of the subsurface layer (Fig. 2c). The
mean profile of Θ showed a high surface variability (0–20 m depth)
with a standard deviation range of ±2.2 ̶ 3.1 °C (Fig. 2d). A stronger
thermocline was identified in the profile that represented the average
maximumvertical temperature (Fig. 2d, red line). In addition, a thermal
inversion was visualized when the average of the vertical minimum
temperatures was calculated (Fig. 2d, blue line).

The surface absolute salinity (SA) time series from the buoy also ex-
hibits an annual oscillation (15–31 g kg−1), recording the lowest salin-
ity from late winter (August) to the end of summer (March). High
salinity of the surface water was observed during fall-winter, reaching
a maximum SA value of 32.64 g kg−1 on June 5, 2019 (Fig. 3a). The
long-term monthly mean of surface SA showed that during the winter
months, salinity was on average high and stable (i.e., with low standard
deviation) (Fig. 3b). Themonthly profiles of SA show a freshwater layer,
whose influence extends down to ~15mduring spring-summer seasons
(Fig. 3c).The subsurface salinity values oscillated during the year, as ob-
served in the Θ profiles, recording the presence of Subantartic Water
Mass (SAAW) and Modified Subantartic Water Mass (MSAAW) from
thly means (black bar) with respective standard deviations shown as vertical bar (b). (c).
es), maximum (red line), and minimum (blue line) profiles of conservative temperature
or in this figure legend, the reader is referred to the web version of this article.)



Fig. 3. Temporal and vertical variability of absolute salinity. (a) Temporal distribution of absolute salinity during the 3 year time series obtained at the position of the oceanographic buoy,
(b) long-term monthly mean (black bar) and standard deviation (vertical bar) of the absolute salinity. (c) Monthly time series, and (d) average (black line with standard deviation in
shadow grey lines), maximum (red line), and minimum (blue line) profiles of absolute salinity. (e) Water masses T-S diagram using data from the monthly time series. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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~15 m to the bottom (Fig. 3c). The SA average profiles registered higher
values and a standard deviation, denoting salinity fluctuations in the
surface layer, where the EW (SA 2–30 g kg−1) was observed from 0 to
20 m (Fig. 3e). Below this layer, the standard deviation diminished,
and the profile of the maximum salinities presented a homogeneous
structure, representing thewinterwater column conditions (Fig. 3d). Fi-
nally, the water column (0–220 m) was dominated by the presence of
the MSAAW with 84% of the records, followed by the SAWW with
13%, and EWwith 3% (Fig. 3e).
7

3.2. Interannual cycles of the hydrographic and of the stability-mixing of the
water column

Superimposed on their annual cycles, temperature, and salinity
showed interannual variability in the 2017–2019 data record (Figs. 2
and 3). In the case of the vertical distribution of Θ, the water column
reached the highest subsurface temperatures for the entire period
from March to September 2017. For example, the 12 °C isotherm ex-
tended down to >70 m during May 2017, while it remained at about
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30 m in other years. From November 2017 to March 2020, an asyn-
chrony of warming was observed between the surface and subsurface
layers, but this phenomenon was different every year. During March–
September 2019,a relatively warm subsurface water reached ~20 m
Fig. 4. Climate features of spring 2019. (a) August–September–October (AOS) accumulated pre
precipitation for 2019 is highlighted in red. (b) AOS sea level pressure anomalies (in hPa, scale
wave train across the South Pacific. (c) AOS sea surface temperature anomaly (in °C, scale at the
defines the Indian Ocean Dipole (IOD) is shown by the grey box. (d)Monthly values of the Indi
oratory (PSL) available online at https://www.psl.noaa.gov/data/climateindices. The IOD values
tember 2019. (For interpretation of the references to color in this figure legend, the reader is r
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depth (Fig. 2c). At the same time, salty water reached the surface
layer, as represented by thedistribution of 32 g kg−1 isohaline. A similar
patternwas recorded during the fall-winter of 2017 (Fig. 3c). Moreover,
the surface salinity values observed during the spring-summer of
cipitation at Puerto Montt (Tepual station DMC) from 1950 onwards. The record low AOS
at the left of the color bar) from NCEP-NCAR reanalysis. The grey arrow indicates a Rossby
right of the color bar) from the NOAA Optimal Interpolated SST (OISST-V3). The area that

an Ocean Dipole index from the repositorymaintained by the NOAA Physical Sciences Lab-
during September are highlighted by the red circle. Note the record high IOD value in Sep-
eferred to the web version of this article.)

https://www.psl.noaa.gov/data/climateindices
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2017–2018 and spring of 2018 were much lower than those during the
spring-summer of 2019–2020.

In order to understand the interannual variability in surface salinity,
and to elucidate the salinity maximum during the second half of 2019,
precipitation data from Puerto Montt and river discharge from Puelo
River were analyzed (Fig. S2). In general, precipitation is higher and
more frequent during fall–winter (often in the range of 10–40 mm per
day) and lower during spring–summer (with daily events of <10
mm). The long-term monthly mean and standard deviation values fur-
ther reveal substantial year-to-year variability, especially during fall and
early winter (Fig. S2). During our study period, dry conditions occurred
in two years (2016 and 2019) but with different seasonality. Precipita-
tion was extremely low during the summer and fall of 2016 with
large, detrimental impacts on the environmental conditions of northern
Patagonia. There was moderate precipitation deficit in the first half of
2019, but, in contrast to 2016, the dry conditions exacerbated from
July to December, causing the driest spring in the last seven decades
(Fig. 4a). Likewise, the Puelo River discharge reached its minimum
value in September 2019 (Sup. Fig. S2). The pronounced seasonal
drought in late winter and spring 2019 was associated with a broad
area of intense, positive pressure anomalies (> + 5 hPa) located over
themid- to high latitudes of the southeast Pacific (Fig. 4b). Anticyclonic
anomalies were also found in the middle and upper troposphere (not
shown), reaching thewest coast of South America, causing theweaken-
ing of the westerly flow to Patagonia, thus hindering the frontal system
passage and precipitation that resulted in the regional precipitation def-
icit in later winter/spring 2019. The positioning of the positive and neg-
ative pressure anomalies over the South Pacific suggests a wave train
emanating from Australia and arching eastward to reach southern
South America (Fig. 4b). As discussed in Section 4, this wave train likely
emerged in connectionwith intense SST and convection anomalies over
Fig. 5. Spatial and temporal variability of the water column stability indexes used in this stud
(a) Vertical distribution of Brünt-Vaisala frequency(N2 in cycle*h−1) (Stewart, 2002); (b) the
(Haralambidou et al., 2010) (black line), the surface brackish water layer (Kf) (red line) (Bl
1979) (blue line). (For interpretation of the references to color in this figure legend, the reade
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the IndianOcean (Fig. 4c), as reflected by the extremely high values that
reached the Indian OceanDipole (IOD) index during August–September
2019 (Fig. 4d).

As freshwater contribution to Patagonian fjords impacts surface sa-
linity directly, and therefore the water column stratification, the
Brunt–Vaisala frequency (BV)was calculated using themonthly profiles
of Θ and SA (Fig. 5a). The BV maximum values covered the first 20 m
depth with an absolute BV maximum (40–60 cycles h−1) during the
spring-summer season of 2018. In contrast, stability minima (10–20 cy-
cles h−1) occurred every fall-winter season (Fig. 5a). The different strat-
ification indices and parameters used to quantify the importance of the
freshwater input to thewater column stability andmixing process indi-
cated that the water column was never highly stratified (ns > 1). The
time series of all parameters reported a weak stratification during the
spring-summer of 2019–2020 (Fig. 5b).

3.3.Water column response to biogeochemical processes (annual cycle and
interannual variability)

The hourly time series of surface DO show a maximum during the
late winter-early spring, and a minimum during the fall-winter season
(Fig. 6a). In addition, monthly vertical profiles of DO-saturation and
the apparent oxygen utilization (AOU, not shown) offered the possibil-
ity observing the DO concentration distribution through the water col-
umn (Fig. 6b). The main features were: (a) the surface maximum DO
saturation (9mL L−1–130%) andminimum AOU (−115 μmol kg−1) ex-
tended until a depth of ~10 m during late winter September 2017 and
September 2018; (b) the maximum DO (4–5 mL L−1) and saturation
(60–80%) extended deeper in the water column down to ~50 m depth
from September–December every year, while during the period from
September to December 2017, the water column was fully ventilated
y based on data obtained during the monthly sampling program at OMARE observatory.
time series variability of N2 and other stability proxies as the stratification parameter (ns)
anton and Atkinson, 1983), and the potential energy anomaly (PEA, ϕ) (Simpson et al.,
r is referred to the web version of this article.)



Fig. 6. (a, c) Temporal and (b, d) vertical variability of dissolved oxygen (mL L−1) and pH during the 3-year study period based in the monthly time series program at the position of the
oceanographic buoy in Reloncaví Sound.
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with a saturation level of 60% near to 220 m depth; (c) the lowest DO-
saturation and maximum AOU were observed from ~30 m to the bot-
tom, from January–July. The DO (3 mL L−1) and saturation (50%) were
extremely low in 2019, but the AOU (140 μmol kg−1) was higher and
the maximum surface DO value during the late winter of 2019 was de-
layed when compared to the same period of 2017 and 2018.

The surface hourly pH time series showed a similar trend in the an-
nual cycle as theDO,withmaximumvalues occurring in spring-summer
and partially in fall (pH = 8–8.2), and minimum values during winter
(pH = 7.5–7.7), especially during June–July (Fig. 6c). The vertical pro-
files of pH revealed analogous patterns, as seen for DO,with amaximum
in the pH in the upper 20 m, extending down to ~30–50 m from late
winter to the summer every year (Fig. 6d). Overall, higher pH values
correlate with higher DO concentrations, and vice versa (R2 = 0.45, n
= 6822).

The vertical time series of inorganic nutrients had a high spatial and
seasonal variability distribution in the Reloncaví Sound. An annual trend
for nitrate and phosphate was recorded at the surface layer (S < 31;
EW), with an increase in both nutrients (Fig. 7a and c) during fall and
early winter every year. The fall of 2019was the periodwith the highest
nitrate concentration at the surface layer (>25 μM). In contrast, the con-
centration of nitrate and phosphate was very low during summer. The
highest concentration of phosphate in the surface water column oc-
curred during winter 2019 (2.4 μM). Bellow the bottom layer, the an-
nual cycle was not observed, and the concentration varied between
2.06and2.47 μM. In spring 2019, the concentration of phosphate below
the bottom layer (100–150 m) was the highest of the entire study pe-
riod (3.01 μM) (Fig. 7c). The concentration of NO3 and PO4 were highly
correlated through the water column (R2 = 0.85 n = 390). The nitrite
concentration was low throughout the entire sampling period, with
10
concentrations ranging between 0.1 and 0.4 μM. Finally, the corrected
silicic acid concentration estimated (Si.SEF) showed the higher values
at the surface layer during the spring of 2017 and summer of 2018
and 2019 (Fig. 7d). The highest average concentrations of corrected si-
licic acid were observed during the summer of 2018 (42 μM) and of
2019 (37 μM) between 100 and 150 m depth (Fig. 7d).

The N/P ratio showed a similar temporal and vertical pattern as ni-
trate and phosphate, with a minimum in the N/P ratio (0–6) found at
the surface layer (S < 31; EW) during spring and summer. The maxi-
mum N/P (10−12) was observed in subsurface waters (Fig. 7e). The
N/P ratio was lower than the Redfield ratio (16:1), with an average
value of 9.08 ± 2.98. Historical N/P ratio records of the Reloncaví
Sound obtained from 1995 to 2013 showed a similar trend (R2 = 0.92,
n = 531, and RMS = 2.49) with an average of 8.79 ± 3.6 (Sup.
Fig. S3). In general, theN/P ratio from theOMARE time series andhistor-
ical data was 99% under the Redfield ratio. Finally, the Si* was positive,
with maximal values at surface waters (12–30 μM), and the absolute
maximum recorded during spring of 2017 (Fig. 7f). In addition, positive
Si* values (~4 μM) were observed in the subsurface layer (S > 31,
MSAAW), specifically between 75 and 175mdepth, during the summer
of 2018 and of the 2019. Negative Si* values were registered at a depth
of 10 m, with an absolute minimum observed in the winter of 2019.

3.4. Phytoplankton distribution and density: case study of late winter and
summer blooms

The vertical profiles of monthly sampled Chl-a allowed the determi-
nation of the phytoplankton distribution in the Reloncaví Sound
(Fig. 8a). This time series was obtained by combining in situ Chl-amea-
surements and fluorescence records from the CTD-OF. The statistical



Fig. 7. Spatial and temporal distribution of inorganic dissolved nutrients: nitrate, nitrite, orthophosphate, and silicic acid corrected with salinity (NO3
−, NO2−, PO4

3−, Si.SEF, respectively).
Water samples were collected at the position of the oceanographic buoy during the 3 year monthly time series program. (a) NO3

−, (b) NO2
−, (c) PO4

3−, (d) Si.SEF, (e) N/P, and (f) Si*.
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correlation between both datasets was significant (R2 = 0.987, n =
222). Overall, high Chl-a values were detected in the first 35 m depth,
above the position of the pycnocline (isopycnal of 24 kg m−3). Below
this depth, the Chl-a concentrations were close to zero. The Chl-a in-
creased during late winter (August–September), ranging from 10 to
35 μgL−1, followed by a second and less intense maximum in summer,
ranging from 10 to 15 μgL−1 (Fig. 8a). While the first peak was fre-
quently observed at the surface (~5 m), the second peak was observed
in subsurfacewaters (10–20m).MinimumChl-a valuesweremeasured
during fall and early winter in 2018 and 2019 (no data for 2017during
that season). The late winter bloom in 2019 was weak compared to
the same period from 2017 to 2018. The causes of this decrease are
discussed in Section 4.

In terms of phytoplankton composition, diatomswere the dominant
taxonomic group within the phytoplankton community, followed by
11
dinoflagellates (Fig. 8b). Diatoms reached relative abundance values
>50% during the whole study period, while dinoflagellates were <
30%, except for May 2017 when Heterocapsa triquetra dominated (rela-
tive abundance of 64%). Six genera of diatoms were the most abundant
during the study period: Skeletonema, Pseudo-nitzschia, Rhizosolenia,
Navicula, Chaetoceros, and Thalassiosira. Skeletonema spp., Pseudo-
nitzschia spp., Rhizosolenia spp., and Navicula spp. contributed up to
70% of the total phytoplankton relative abundance, while Chaetoceros
spp. and Thalassiosira spp. were less abundant, but werehighly preva-
lent. The highest Chl-a concentrations (30–35 μg L−1) were detected
in September 2018 and January 2020 (Fig. 8a), when the phytoplankton
community was characterized by a higher representation of
Skeletonema spp. and Pseudo-nitzschia spp. In this context, a case study
will be discussed below in order to explain the development of the
microalgae bloom occurring from September 2018 to February 2019.



Fig. 8. (a) Vertical distribution patterns of Chlorophyll-a during the study period. (b) Relative abundance of phytoplankton species and (c–h), the evolution of physical, chemical, and
phytoplankton assemblage's distribution during the study case of late winter 2018. The black line in (a) represented the isopycnal of 24 kg m−3.
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An intense surface Chl-a maxima (~40 μg L−1) was observed in Sep-
tember 2018. This peak occurred at the base of the pycnocline, coincid-
ing with the base of the turbidity and dissolved oxygen saturation
maximum (Fig. 8c–d). This condition was sustained in October, but
with lower levels of Chl-a (25 μg L−1), until December (15 μg L−1). In
terms of community composition, in September 2018, a peak in diatoms
density was observed at the surface, coincidingwith themaximum PAR
(150 uE sm−2), and the lowest silicic acid concentration (Fig. 8e), this
peak was dominated by S. costatum (Fig. 8f). A deepening in the Chl-a
maxima was observed from September to December 2018 with a loos-
ening of the peak sharpness, which was correlated with the lowest
12
concentration of nutrients. A decrease diatoms density was also ob-
servedwith a dominance of Leptocylindrus spp. in surface waters during
November 2018, which turned to a dominance of Rhizosolenia spp. in
December 2018 (Fig. 8f and g). During this month, an uncoupling be-
tween the Chl-a peak and DO saturation was observed, accompanied
by a turbidity peak (~0.35 NTU) at 35 m depth below the pycnocline.
The highest concentration of Si(OH)4 (40 μM) at the surface layer
(0–25 m depth) coincided with a lower density of diatoms and dinofla-
gellates at those depths. During January 2019, a second deeper, and in-
tense Chl-a peak (25 μg L−1) was observed at 15 m depth (a depth
corresponding to 1% of the surface PAR) at the base of the pycnocline
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and the DO saturation maxima. The maximum diatom density was
quantified at this Chl-a peak, which was dominated by Pseudonitzschia
spp. (Fig. 8h).In addition, a deepening of the Chl-a maxima occurred
during February 2019,also peaking at the1% of the PAR, which was
very high atthe surface layer (~1200 uE sm−2). Here, the phytoplankton
community was dominated by Navicula spp., with the highest dinofla-
gellates density (Fig. 8g and h), causing a complete depletion of nutri-
ents at those depths.

4. Discussion

By analyzing the monthly time series and long-term records of the
physicochemical and biological parameters in the Reloncaví fjord, we
found a seasonal variation in the asynchrony input of oceanic and estu-
arinewater. Estuarinewater (warm andwith lower salinity) arrives late
winter to summer, followed by the irruption of higher salinity and
colder oceanic water during fall-winter. The annual salinity variations
in the photic layer andoceanicwatermass contribute significantly to in-
organic nutrient input. The N/P ratio values indicated that no eutrophi-
cation occurred when compared to historical data, even with the
intense aquaculture activity occurring nowadays, likely due to the
high ventilation dynamics of the Reloncaví Sound. The phytoplankton
dynamics in the fjord are characterized by surface chlorophyll-a max-
ima in late winter and a deepening of spring–summer blooms related
to the physicochemical conditions of the water column.

4.1. Surface layer processes

Historical measurements of the oceanography regime in Patagonian
fjords detected a two-layer structure. The first layer is from the 0–15m
depth (S< 31; EW), and the second layer, from 15m to the bottom (S>
31, MSAAW), depending on the fjords bathymetry (Castillo et al., 2016;
Pérez-Santos et al., 2014; Pinilla et al., 2020a; Schneider et al., 2014;
Sievers and Silva, 2008; Silva and Calvete, 2002; Valle-Levinson et al.,
2007). These results were obtained during sporadic and/or seasonal
oceanographic campaigns during the summer cruises of the CIMAR pro-
gram. The OMARE observatory program opened a new opportunity to
comprehend the long-term variability in the oceanography, and the bio-
geochemical conditions of the water column at a monthly resolution,
which is largely dominated by the land-atmosphere-ocean interactions
(Figs. 2 and 3).

The heating of the surfacewater (0–10mdepth) began in spring and
extended until late summer, but considerable warming was observed
down to ~50 m every year. This feature was already reported using a
3D hydrodynamic model of the Puyuhuapi fjord (Pinilla et al., 2020a).
The input of continental fresh water is highest during late winter and
early spring, contributing significantly to water column stratification
(Fig. 5). The same pattern was previously reported for the study area
(Schneider et al., 2014). Related to the onset of the water column strat-
ification (late winter), there was an increase in DO and pH (Fig. 6) and a
decrease in inorganic nutrients (e.g., NO3

−, NO2
−, PO4

3−and Si(OH)4,
Fig. 7). These conditions are a response to enhanced primary production
(PP) and carbon sequestration, both occurring at the photic layer.

In fact, recent studies have shown seasonal changes in the carbonate
saturation states in sea–atmosphere fluxes of CO2 in the same area
(Vergara-Jara et al., 2019), and have concluded that the annual cycle
of CO2 fluxes was mainly governed by seasonal changes in biological
processes that enhanced the shift from CO2 sink in spring-summer to
CO2 source during the rest of the year. In the Patagonian fjords, the PP
occurred in two stages: a long productive season from late winter to
summer dominated by diatom blooms, and a shorter, non-productive
season from fall to winter in which small phytoplankton cells prevailed
(Montero et al., 2017a). However, transient events, such as the passage
of frontal systems andmid-latitude cyclones, can also contribute to high
levels of PP (Montero et al., 2017b) and increased carbon sequestration
into the fjord during winter. The intense wind regime, high light
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conditions, continental freshwater discharge, the input of silicic acid,
and water column stabilization appeared to act as themain factors trig-
gering the PP process during the spring-summer seasons in Patagonian
fjords (Iriarte and González, 2008; González et al., 2010; Montero et al.,
2011; Iriarte et al., 2014; Jacob et al., 2014). In contrast, during fall-
winter months, a combination of lower pH, as well as a decrease in
DO and an increase in nutrients, could be attributed to multiple biogeo-
chemical and physical processes: (a) the mixing of dissolved oxygen-
poor deep water from below the halocline up to the surface layer
(i.e., July 2017) followed the Reloncaví Fjord dynamics (Castillo et al.,
2016; González et al., 2010; León-Muñoz et al., 2013); (b) enhanced
post bloom heterotrophic processes, as was shown by Montero et al.
(2011) and Olsen et al. (2014); and (c) allochthonous organic matter
transported to the fjord that increases the water turbidity (data not
shown) by runoff from heavy rain events during winter months
(Rebolledo et al., 2015). Our results highlight the role of the freshwater
input during the laterwinter in causing vertical stratification, and deliv-
ering of inorganic nutrients into the surface layer. These are important
features that promote the use of nutrients by phytoplankton, triggering
biological productivity in the following spring-summer season (Fig. 7).
Primary production processes subside the availability of DO in these
aquatic ecosystems, which is considered a good proxy of water quality
indices (Zhang, 2019), and motivates their assessment for future re-
search in Patagonian fjords.

4.2. Climate anomalies altering asynchrony during 2019 by Indian Ocean
Dipole mode

The previous description broadly describes the mean annual cycles
of physical and biogeochemical variables. Each year, however, has dis-
tinct climatic anomalies that can alter such cycles. For instance, the
dry conditions during winter/spring 2019 led to a lower than average
freshwater input and higher salinity in the upper layer (Fig. 3). This con-
dition caused a decrease in the water column stability, as evidenced by
the low Brünt-Vaisala frequencies (Fig. 5). The delayed, reduced fresh-
water supply was preceded by the intense advection of oceanic salty
water in the winter of 2019. A rapid chemical response was observed,
including a decrease in DO concentration and pH values, showing
physical–chemical coupling in the Reloncaví Sound. In addition, a
weak spring bloom with a low Chl-a concentration was also observed
during this period in 2019, associatedwith highmixing in thewater col-
umn and a drop in freshwater input. Freshwater inputs appear to stabi-
lize the water column and increase the concentration of silicic acid,
favoring the occurrence of diatom blooms (Montero et al., 2017a). In
general, the phytoplankton community showed low densities during
the winter months from June to August 2019, highlighting the presence
of diatoms (e.g., Corethron spp. and Thalassionema nitzschoides), evi-
denced by the oceanic water advection in the study zone (Avarias
et al., 2004). These phytoplankton species were observed only during
the dry conditions during winter and spring 2019.

The case of spring 2019 adds to mounting evidence that anomalous
biogeochemical conditions in the surface layer of the Patagonia fjord
system are driven by regional precipitation anomalies (Díaz et al.,
2021; Garreaud, 2018; León-Muñoz et al., 2018).The generally rainy
conditions in Patagonia are strongly tied to the westerly winds over
the Austral Andes, such that any disruption in the wind/pressure field
results in precipitation anomalies. A tendency for drier than average
summers under El Niño conditions has been previously reported
(e.g., Montecinos and Aceituno, 2003). More recently, the positive
phase of the SAM was associated with drought over Patagonia
(Garreaud et al., 2008; Gillett et al., 2006). The long-term trend of the
SAM towards positive polarity thus explains the drying that Patagonia
has experienced in the last four decades (Boisier et al., 2019), and is
projected to continue in the future (Aguayo et al., 2019). El Niño and
the positive SAM phase acted in concert during summer and fall 2016
to produce the most severe drought on record with major
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environmental impacts for Patagonia (Garreaud, 2018). Precipitation
returned to its normal range for most of 2017 and 2018 (although Feb-
ruary 2018 was also particularly dry at <50 mm; Díaz et al., 2021) but
from summer 2019 onwards, it was below this range. Unlike the 2016
case, the rainfall deficit extended into the region's wet season (winter
and spring) and caused the driest spring on record (Fig. 4a). The 2019
spring drought was unexpected because SAM was negative during
most of the season and ENSO remained in its neutral phase, suggesting
another mechanism impacted precipitation in western Patagonia. Fol-
lowing the work of Lim et al. (2021), we speculate that this mechanism
was the Indian Ocean Dipole (IOD), the leading mode of year-to-year
climate variability over the Indian Ocean, which is often maximized in
austral spring (e.g., Saji et al., 1999). During August–September 2019,
cold anomalies prevailed to the north of Australia, andwarm anomalies
over the tropical Indian Ocean (Fig. 4c) causing an extremely large IOD
event, as shown by the time series of its index (Fig. 4d) and as analyzed
in detail by Wang et al. (2020). The ensuing convection anomalies ex-
cited an atmospheric wave train (thick arrow in Fig. 4b) that sustained
anticyclonic anomalies in the southeast Pacific, leading to a drought in
northern Patagonia. The IOD has been linked to precipitation anomalies
in tropical South America (Ashok et al., 2007; Chan et al., 2008) but this
is the first time, to the best of our knowledge, that its remote effects are
responsible for drought conditions in southern Chile.

4.3. Variability on phytoplankton assemblages during 2017–2019

Phytoplankton biomass in the ocean often shows strong vertical Chl-
a concentration maxima arising from interactions with light, nutrient
gradients (Ryan et al., 2010), and hydrodynamic gradients, such as
stratification and vertical shear (Durham et al., 2009), which form a
Chl-a maximum layer. This Chl-a maximum layer is also known as the
thin phytoplankton layer (Durham and Stocker, 2012), where a large
number of cells accumulate within a small depth range, typically from
several centimeters to several meters thick (Dekshenieks et al., 2001).
Subsurface Chl-amaxima usually occur in thewater column asnutrients
are depleted in the surface mixed layer (Huisman et al., 2006), and are
widely found in the equator (e.g., Hopkinson and Barbeau, 2008) or to-
wards the polar ocean (e.g., McLaughlin and Carmack, 2010). In strati-
fied systems, Chl-a concentration peaks may form and persist for
weeks to months. Indeed, in the Reloncaví fjord system, such peaks
were periodically observed during spring and summer (Fig. 8a). How-
ever, they differ in the depths atwhich they occur and do not always co-
incidewith themaximumdensity of diatoms and dinoflagellates (Fig. 8f
and Fig. 8g). In this sense, dinoflagellates that often dominate in sum-
mer displayed the lowest chlorophyll content per biovolume. In general,
chlorophyll content can fluctuate greatly throughout the year, depend-
ing on the light intensity, temperature, and phytoplankton composition
(Felip and Catalan, 2000). The higher Chl-a values observed in late win-
ter, rather than in summer, can be explained by both the lower light in-
tensity reported in this period and by photo acclimation of the
dominant species. Phytoplankton tends to increase the Chl-a content
at reduced light intensities, while at higher radiances, such as that ob-
served in summer, phytoplankton may enhance their cell numbers
and decrease their Chl-a content (Beardall and Morris, 1976).

The spring-summer bloom in 2018–2019 allowed a better under-
standing of phytoplankton community dynamics in our study area
(Fig. 8). First, due to the increase in the input of nutrients and light avail-
ability, an intense Chl-a peak occurred at the surface, which coincided
with the maximum densities of diatoms and dinoflagellates. This peak
lasted for three months, until December 2018. A taxa replacement was
synchronic, and clearly observed with the deepening of the Chl-a peak
starting with a dominance of S. costatum, characterized as a pioneer
blooming species and ending with a dominance of Rhizosolenia spp. at
lower densities than in the September 2018 bloom. The subsequent
sinking of nutrient-stressed bloom cells may also result in a transient
subsurface Chl-a maxima. This sinking was observed in the turbidity
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maxima that started in November 2018, with a maximum turbidity
value (0.4 NTU) in December 2018. Phytoplankton experienced a
trade-off between light (supplied by solar irradiance from the surface
water column) and nutrients (supplied by upwelling and diffusion
from depths below) (Mellard et al., 2011). In summer, as nutrients de-
plete from the surface waters, phytoplankton sink along with nutrients
until light becomes the co-limiting factor (1% of surface PAR). These
subsurface Chl-a maxima coincide with the nutricline and the domi-
nance of Pseudonitzschia spp., which is a common genus in upwelling
systems, also observed in subsurface Chl-a maxima in many different
coastal locations globally (Trainer et al., 2012), and is recorded annually
in Patagonian fjords, mainly during summer months (Montero et al.,
2017a). The ability of some species of the Pseudonitzschia genera to
grow under low light levels (Pan et al., 1996) explains the observed
dominance of this group (>70%) at 20 m depth associated with a sub-
surface Chl-a maxima in the water column.

In the Patagonian fjords, one has to consider that the subsurface Chl-
a peaks represent the abundance of a unique phytoplankton commu-
nity, often differing substantially from that observed in the surface
water column. In addition, the summer 2019 subsurface Chl-a maxima
contribute to another autochthonous source of exported carbon to be
considered as part of the biological pump. Understanding the mecha-
nisms that drive phytoplankton community structure and variability
in community succession is therefore crucial for the prediction of ma-
rine ecosystem fluctuations under changing environmental conditions,
particularly in Fjords, where complex hydrodynamics and an intensive
coupling between land and freshwater are likely to drive nutrient distri-
bution and niche partitioning of phytoplankton communities (Margalef,
1978). Therefore, simulating the evolution of phytoplankton types in
changing ocean scenarios is one of the main challenges in marine eco-
system modeling (Allen and Polimene, 2011; Finkel et al., 2010). In
this sense, the OMARE program contributes to an interdisciplinary ap-
proach to study phytoplankton community succession in fjord ecosys-
tems as a response to global and regional oceanography dynamics.

4.4. Subsurface layer processes

During the summer-fall of 2017, the water column was warm
(Fig. 3), likely as a consequence of the coastal “El Niño” 2015/2016
event, being one of the strongest events reported since 1982 and
1997. However, the latter event registered extreme warm conditions,
presumably due to anthropogenic forcing (Newman et al., 2018). In
the adjacent oceanic area, as well as in the inner seas of the north Pata-
gonian fjords, the sea surface temperature anomaly showed that warm
conditions remained for the entire 2016 ̶ 2017 period (Narváez et al.,
2019; Pérez-Santos et al., 2019). This explains the warmer conditions
recorded in the water column of the Reloncaví Sound during the end
of summer andwinter of 2017. Here, SAAW,which originates at the sur-
face layer in the open ocean in contact with the atmosphere (Silva et al.,
2009), and was registered in the subsurface layer of Reloncaví Sound
(Fig. 3), participated directly in the advection of the warm water regis-
tered during 2017. This water mass entered the north Patagonian fjord
system mainly through the Guafo mouth into the Corcovado Gulf mov-
ing northward through the Ancud Gulf, Reloncaví Sound, and finally
into the Reloncaví Fjord (Fig. 1b) (Pérez-Santos et al., 2014; Pérez-
Santos, 2017; Sievers and Silva, 2008). However, more details on the
physical mechanisms involved in the advection of warm water from
the open ocean into the fjord system need to be investigated. In every
fall–winter season from 2017 to 2019, oceanic water mass (SAAW)
has advected from the subsurface layer in northern Patagonia, resulting
in asynchrony of the water input to its fjord system (Figs. 2 and 3). In-
deed, studies on the water age in Puyuhuapi fjord detected a significant
statistical relationship between the circulation regimes and salinityfluc-
tuations, for example, currents in the direction towards the inner fjord
coincided with high salinity values and vice versa, supplying deep-
water ventilation to help diminish the hypoxic conditions (Pinilla
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et al., 2020a). Asynchrony of water ventilation between intermediate
and deep water (Pinilla et al., 2020a) has been reported in other fjords
around the world (e.g., Marinone and Pond, 1996; Pawlowicz, 2017).
In northern Patagonia, the annual entry of subsurface warm salty oce-
anic water transports high inorganic nutrients (NO3

−, PO4
3−, and Si

(OH)4), and DO, sustaining high levels of primary production (Aracena
et al., 2011; Montero et al., 2011; Daneri et al., 2012; Yevenes et al.,
2017; González et al., 2019) and a high concentration of DO in the sur-
face water column(9–10 mL L−1, and100–130% of saturation, Fig. 6).

4.5. Explaining the asynchrony mechanism of oceanic water input

The hydrographic variability of intermediate and deep waters in the
Reloncaví Sound strongly depends on the exchangewith the ocean, spe-
cifically that which occurs at the bathymetric threshold of the
Desertores pass (Fig. 1b), which restricts the passage of high-density
deep-water masses (Ruiz et al., 2021; Salinas and Castillo, 2012; Silva
and Vargas, 2014; Strub et al., 2019). Pinilla et al. (2020b), using a hy-
drodynamic model, reported that the renewal of deep waters from the
Corcovado Gulf to the northern basin of the Desertores pass occurs
from spring to autumn (Sup. Fig. S4), at which time the two-layer estu-
arine circulation is strengthened due to a greater stratification of the
water column, allowing an increase in the intensity of the current to-
wards the north in the deep layer (Sup. Fig. S5). In such a way, more sa-
line water enters through this passage renewing the basins north of
Desertores pass; these waters of higher density arrive in winter at the
Reloncaví Sound, as shown by the observations in the OMARE buoy
and the model (Fig. S6).

Hydrographic data from CIMAR cruises (Carrasco and Silva, 2005,
2006, 2007), as well as the results of the hydrodynamic model pre-
sented by Pinilla et al. (2020b) showed that the entry of deep oceanwa-
ters into the Corcovado Gulf is dominated by the presence of SAAW,
which is saltier and colder than water masses (MSAAW, and EW) lo-
cated in the northern most basins of the inner sea of Chiloé. This ocean-
ographic context is produced by the intense mixing that occurs in the
Desertores pass (Ruiz et al., 2021), contributing to the seasonal asyn-
chrony between these water masses, as has been reported in this man-
uscript (Figs. 3 and 4). The simulations suggest that intense vertical
mixing in the Desertores pass could be transported back towards the
north through the subsurface layers, a part of the surface waters heated
during the summer, which could be one of the explanations for the high
temperatures recorded in Reloncaví Sound during winter.

A threshold similar to the Desertores pass in northern Patagonia is
the Haro Strait in the Salish Sea, which is located in the fjord system of
British Columbia in Canada. Here, mixing can be very intense, and
some of this mixed water flows across the surface to the open ocean,
and the other is transported into the Strait of Georgia through subsur-
face layers (Thomson, 1981; Pawlowicz, 2017). During late summer
and early fall, warm, dense pulses of water descend into the deep
basin of the Strait of Georgia (LeBlond et al., 1991; Masson, 2002).
This warm signal can be explained by the strongmixingwithwarm sur-
face water in the Haro Strait, resulting in relatively warm waters that
subsequently advected to the Strait of Georgia during renewal pulses
(LeBlond et al., 1991). During late winter and early spring, cold water
with little change in salinity enters the deep basin of the Strait of
Georgia as a result of mixing between the incoming Pacific Ocean wa-
ters and outgoing surface waters (Pawlowicz et al., 2017). We suggest
that this mechanism of water renewal and transport observed in the
fjord system in Canada is similar to that of the northern Patagonia.

4.6. Biogeochemical changes in Reloncaví sound using OMARE time series
data

The availability of N and P in aquatic environments can affect the tro-
phic food webs and biogeochemical cycles of carbon and nitrogen (Yan
et al., 2016). Moreover, in these ecosystems, the N/P ratio can vary
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because of the differences in environmental factors and biological pro-
cesses in the surface water column (Sereda and Hudson, 2011). The
comparison between the N/P ratios from the OMARE time series with
the historical measurements of N/P ratios (Sup. Fig. S3) showed similar
results, suggesting that eutrophication processes were absent in our
study area. The nutrient concentration in the adjacent oceanic water
(Sup. Fig. S1) and the study area (Sup. Fig. S3) also demonstrated simi-
larity with the nutrient time series obtained by the OMARE program in
the Reloncaví Sound (Fig. 7). Nevertheless, high concentration of nutri-
ents registered in the subsurface layer needs more investigations
concerning the efficiency of remineralization processes occurring at
the interior of the fjord. Finally, our results suggest that possible eutro-
phication due to aquaculture impact would only occur locally around
farming cages. This research evidences the ecosystem services provided
by local oceanography processes in the north Patagonian fjords. Here,
the anthropogenic impact caused by economic activities could be, in
part, chemically reduced by the annual ventilation cycle mediated by
the exchange of oceanic water masses into Patagonian fjords.

Our investigation in Reloncaví Sound offers a better understanding
of the interactions between coastal oceanography processes, atmo-
spheric circulation, and the biogeochemical cycle responses. The
OMARE observatory allowed the construction of a continuous time se-
ries of three years that detected the timing of the entrance of estuarine
and oceanic waters into the north Patagonian fjords. The results pro-
vided by the observatory highlight the annual cyclicity between fresh-
water entering during spring and summer seasons, and oceanic
waters arriving during fall and winter, both generating the asynchrony
described in this investigation. However, this asynchrony could be
constrained by atmospheric modes, i.e. IOD, as described in 2019. This
mode could be associated with future scenarios of climate change,
which suggest a reduction of the freshwater drainage towards these
fjords, limiting stratification, the use of nutrients by phytoplankton,
andweakening of primary production. These peculiarities can have con-
sequences as a change in the phytoplankton composition, as we ob-
served during 2019 with species characterized as oceanic into the
Reloncaví Sound.

5. Conclusion

The OMARE oceanographic time series obtained from the monthly
sampling program (2017–2019) in Northern Patagonia at the Reloncaví
Sound allows an understanding of the importance of water exchange
between the adjacent Southeast Pacific Ocean and the estuarine water
from the Patagonian fjord system. Our results show that asynchrony
provides an annual ventilation cycle mediated by the exchange of oce-
anic water. The asynchrony input of oceanic and estuarine waters
beganwith subsurface SAAW from early fall to spring, while the EW en-
tered from the surface layer during late winter to summer. Salinity at
the surface layer showed interannual variability because of a decreasing
precipitation trend and reduced river discharge during the spring-
summer of 2019–2020. During this period, the intense seasonal drought
could respond to the positive phase of the IODmode, which was recog-
nized as a new element causing precipitation variability in Southern
Chile, similar to the roles of ENSO and SAM. The chemical parameters
at the surface layer were synchronic with the physical variables of the
water column, especially salinity. Every year, the salinity at the surface
layer decreased with the arrival of freshwater during August–
September, triggering the stratification processes. At this time, the DO
and pH increased, and the nutrient concentration depleted by phyto-
plankton consumption. The results of the phytoplankton time series re-
vealed a shift in community composition modulated by an increase in
nutrient content. This condition favored the origin of an intense surface
Chl-a peak during late winters, dominated by diatoms and dinoflagel-
lates, followed by a deepening of the Chl-a peak and taxa replacement,
which coincided with the nutricline position during the summer sea-
sons. An interannual change in phytoplankton composition was
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observed in2019 because the IOD mode delayed the late winter phyto-
plankton bloom, and oceanic species were subsequently found. The
event that occurred during 2019corresponds to a case study of a future
climate change scenario, providing a basis for new research to improve
the use of valuable time-series data, enabling a holistic analysis of water
quality and ecosystem services in Patagonian fjords.
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