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Abstract: Concepción Bay is a socio-economic and ecologically important embayment whose hydro-
graphic variability has been historically regulated by wind-modulated seasonal upwelling events
during spring–summer and by freshwater from precipitation and river discharges during fall–winter.
This system is subject to several anthropogenic and environmental strains due to the intense port
activity and the increasing occurrence of extreme natural events. This study determines a new
hydrographic regime and characterizes and analyzes the biogeochemical response of the water col-
umn to changes in rainfall and upwelling patterns. Despite the intrusion of nitrate-rich upwelled
waters that enhance biological productivity remains more intense during spring–summer, the system
remains fertilized year-long due to the occurrence of persistent upwelling pulses during fall–winter.
The hydrographic structure presented a two-layer water column that was stratified thermally in
spring–summer and primarily by freshwater inputs in fall–winter. Nevertheless, the regular pat-
tern of the rainfall has changed (a decrease in precipitation and an increased frequency of extreme
rainfall events), together with recurrent upwelling-favorable wind pulses during the non-upwelling
season. This new regime has altered the seasonality of the physicochemical conditions and the
structure of the microplanktonic communities, with productive and sanitary implications affecting
the biogeochemical status of CB.

Keywords: Concepción Bay; coastal upwelling; extreme rainfall; new hydrographic regime;
biogeochemistry; phytoplankton; pelagic

1. Introduction

Concepción Bay (CB) is a semi-enclosed and shallow (maximum depth is ~45 m)
embayment located in the inner part of the widest continental shelf off central-southern
Chile (35◦42′ S–73◦0.3′ W). It is an important socio-economic and ecological ecosystem,
mainly because of the port industry but also because of tourism, gastronomy, hotels, sports
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activities, and the exploitation of marine resources. From the ecological perspective, a
pivotal feature of this highly productive system is the larvae retention of many commercial
species and the harboring of some protected areas for the cultivation and exploitation of
several species of macroalgae and mollusks [1–5].

In general, alongshore equatorward winds in eastern ocean boundaries promote
coastal upwelling, a process modulated by the earth´s rotation (the Coriolis force deflecting
fluid motion to the left in the southern hemisphere) and the wind stress forcing. As a result,
nutrient-rich, deeper waters are advected to the nearshore area, fertilizing the euphotic zone.
In this sense, CB is a highly productive system (3.50–5.75 g C m−2 d−1) [6–8] historically
characterized by a wind-modulated seasonal injection of high-nutrient, oxygen-deficient
Equatorial Subsurface waters (ESSW) that are upwelled into the bay during austral spring
and summer [6]. Changes to northerly winds during fall and winter promote the entrance
of highly oxygenated and nutrient-poor sub-Antarctic waters (SAAW) [6,9,10], that are
eventually diluted at the surface by freshwater input due to the high rainfall and river
runoff. The current knowledge indicates that the downwelling produced during fall–winter
breaks down the stratification, mixing the entire water column [6].

CB experienced an important industrial development during the 1960s. However,
since the 1980s, when this coastal area sustained the most significant development of the
country, in concomitance with an increased population and urban growth, this embay-
ment has maintained an accelerated and sustained environmental degradation, especially
due to pollution [11–13] and eutrophication processes [14,15]. In this sense, domestic
and industrial wastes are discharged (directly and indirectly) into the bay through the
Rocuant saltmarsh, Andalien river, Bellavista creek, and a couple of submarine outfalls
with just a primary treatment or directly without treatment through diffuse sources, with
several sanitary issues affecting not just the environmental quality but also the public
health [16–18]. In fact, the port of Talcahuano, located in the southwest area of the bay, was
declared one of the most contaminated coastal sites in the world by the Environmental
Protection Agency of the US (EPA) because of the high load of organic matter and pollutants
in the sediments [19].

Since the industrial revolution, on the other hand, exponential increments in average
global temperature from 0.8 to 1.2 ◦C have caused significant impacts on the frequency and
intensity of weather events, hindering their predictability [20]. For instance, increases in
the recurrence of forest fires and desiccation events, together with early spring snow melts,
have been reported worldwide [21,22]. Concomitantly, changes in the frequency, intensity,
and timing of extreme rainfall events (i.e., the number of events per unit time with intensity
above a given threshold) are becoming more recurrent and less spatially and seasonally
predictable [23,24]. It is well established that the intensity of these extreme precipitation
events increases more strongly with changes in global mean surface temperature than mean
precipitation [25–29], being recognized as some of the major threats of climate change [30].
Actually, based on observations and climate models, Myhre et al. [31] found that, if historical
trends continue, not just the strength but also the occurrence of these intense events would
almost double for each degree of further global warming. Furthermore, in the context of
this climate crisis [20], several ocean threats have also been projected, which have already
begun to become evident, such as the decrease in seawater oxygen concentrations [32] and
increase in water column stratification [33], as well as coastal eutrophication [34], together
with an intensification of the upwelling process in response to the strengthening of the
alongshore wind stress along eastern boundaries [35,36].

Despite the ecological importance of CB and its being impacted by several anthro-
pogenic and natural climatic stressors, this ecosystem has been poorly studied recently.
Here, we evaluated the historical variability of rainfall and Ekman transport, and through
seasonal sampling, the biogeochemical response of the water column of CB to the new
atmospheric and oceanographic regimes was determined. We postulate that the decrease in
the supply of freshwater as a result of the extreme drought that has affected the region since
2009 and changes in the frequency, seasonality, and intensity of both the rainfall pattern
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and the upwelling-favorable wind pulses have altered the marked seasonal pattern. As
a result, the temporal behavior of physicochemical conditions and the size structure of
microplanktonic communities have changed, impacting the functioning of the ecosystem.

2. Materials and Methods
2.1. Study Site and Sample Collection

Concepción Bay is a semi-enclosed coastal embayment of 167.4 km2, located at
35◦42′ S–73◦0.3′ W, and distinguished by its north–south orientation that enhances a
marked seasonal wind-modulated change in its circulation pattern [37]. Seasonal sampling
was carried out on board the R/V Don Antonio during the austral summer (3–4 January),
fall (30–31 May), winter (29–30 August), and spring (29–30 November) of 2018. Eight sta-
tions were sampled to cover the greatest variability of the bay (e.g., marine influence—St. 1
and 2, tributaries—St. 4 and 7, and wetlands—St. 8), as well as zones of large anthropogenic
impact (e.g., port activities—St. 5 and 7, ship refueling—St. 6, and influence of outfalls—St.
7)—see Figure 1. Sampling information, including dates and the parameters evaluated, is
summarized in Table 1, whereas the positions and depths of sampling at each station are
shown in Table 2.
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Figure 1. Study area of the Concepción Bay, Biobío Region, Chile. Red dots indicate sampling
stations. The green line denotes the meridional transect used in Figure 4 to represent hydrographic
spatiotemporal variability. The real color image (Georeferenced MSI/S2) denoted the influence of
the plumes of the main tributaries (Andalien River and Bellavista Creek) on the bay. Image obtained
from the Copernicus Open Access Hub (https://scihub.copernicus.eu, accessed on 29 May 2018).
The product S2MSI1C was obtained from platform 2B. Atmosphere effects were corrected using the
Sen2Cor plugin.
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Table 1. Summary of the sampling information and methods used in the analyses of physiochemical
and biological parameters.

General Information
Campaign Dates Season

CB 1 3 January 2018 Summer
CB 2 30 May 2018 Fall
CB 3 29 August 2018 Winter
CB 4 29 November 2018 Spring

Measurements per campaign
Parameters Method Parameters Method

Physicochemical:

Temperature (◦C)
SeaBird

SBE−19 plus
CTD

Nitrite − NO2
− (µM) Standard

methods

Salinity (psu)
SeaBird

SBE−19 plus
CTD

Nitrate − NO3
− (µM) Standard

methods

Density (sigma-t)
SeaBird

SBE−19 plus
CTD

Ammonium − NH4
+ (µM) Standard

methods

Oxygen (mL L−1)
SeaBird

SBE−19 plus
CTD

Hydrogen Sulfide − H2S (µM) Spectrophotometry

Total Suspended Solid − TSS (mg L−1)
Standard
methods

Chlorophyll-a (mg m−3) Fluorometry

Biological:

Total coliforms (MPN 100 mL−1)
Standard
methods Bacterioplankton (103 cell mL−1) Cytometry

Fecal coliforms (MPN 100 mL−1)
Standard
methods Picoeukaryotes (103 cell mL−1) Cytometry

Phytoplankton (cell mL−1) Utermöhl

Table 2. Position and depths of sampling at each station.

Stations
Latitude Lengitude Maximum Depth Sampling Depth (m)
(South) (West) (m) Surface Bottom

St. 1 36◦36,68′ 73◦0,89′ 34 2 30
St. 2 36◦38,13′ 73◦4,71′ 18 2 15
St. 3 36◦38,69′ 73◦1,22′ 29 2 25
St. 4 36◦37,46′ 72◦58,43′ 22 2 20
St. 5 36◦41,52′ 73◦4,65′ 8 2 13
St. 6 36◦41,03′ 73◦2,03′ 22 2 18
St. 7 36◦42,01′ 73◦0,17′ 19 2 15
St. 8 36◦43,09′ 73◦3,70′ 8 2 6

2.2. Atmospheric Analyses

Precipitation data were obtained from the Carriel Sur Airport meteorological station
maintained by the Dirección Meteorológica de Chile (DMC—36◦46′45′′ S 73◦37′19′′ W).
Wind data were obtained from the ERA5 reanalysis product through Copernicus Climate
Change Service Information (https://cds.climate.copernicus.eu/cdsapp#!/home, accessed
on 6 July 2023). This product has a spatial resolution of 0.25◦ and has been validated
previously for the coastal ocean off Central Chile [38]. We consider daily averages of a box
of 3 × 3 pixels right off the mouth of Concepcion Bay for the computation of the alongshore
(south–north) wind stress, following Large and Pond [39]. The Ekman transport was
computed following Smith [40], as Ek = (τγ/ρƒ) × 1000, where τγ is the north component
of wind stress, ρ is the water density, and f is the Coriolis parameter, considering 1000 m of
coastal extension. A wavelet analysis was performed to identify the dominant cycles of

https://cds.climate.copernicus.eu/cdsapp#!/home
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variability in rainfall and Ekman transport for the period 1966–2019 [41,42]. The annual
climatologies for both precipitation and the Ekman transport (1966–2009) were calculated to
compare with the annual variability of 2018. We chose the year 2009 as the upper limit of the
climatologies, considering it marks the start of the megadrought with dramatic changes in
rainfall [43,44] and alongshore winds [45,46] along central-southern Chile. Extreme events
of daily precipitation for 2018 were estimated using the index R95, defined as those days
when the accumulated precipitation exceeds the 95th percentile of the empirical distribution
of rainy days (accumulated precipitation above 1 mm) recommended by the Expert Term
on Climate Change Detection and Indices—ETCCDI [47–50]. The mean discharges of
the principal streams influencing the freshwater content in the bay (i.e., Andalien river—
36◦49′0′′ S 73◦1′59′′ W and Bellavista creek—36◦38′21′′ S 72◦57′1′′ W) were obtained from
two stations (code DGA 08220010 and 08210003) of the Dirección General de Aguas of
Chile (DGA) for the study period.

2.3. Hydrographic Analyses

Continuous hydrographic profiles were obtained using a Seabird 19 plus V2
conductivity–temperature–depth profiler (CTD), equipped with oxygen (Seabird 43; ac-
curacy 2% of saturation) and fluorescence sensors (Wet Labs FLRT 3945). Discrete water
samples were taken in triplicate at two strata: surface and near the bottom (see maximum
depth and depths of each stratus by station in Table 2), using a 5 L Niskin bottle (General
Oceanics), to determine: dissolved oxygen (DO), chlorophyll (Chl-a), total suspended solids
(TSS), nutrients (i.e., nitrate—NO3

−, nitrite—NO2
−, and ammonium—NH4

+), hydrogen
sulfide (H2S), picoplankton, total and fecal coliforms, and phytoplankton abundances and
its size structure. It should be noted that because stratification promotes two well-defined
layers during most of the year (see details in the Section 3), this sampling strategy well
describes the seasonal and vertical variations of the pelagic system of the CB.

DO concentrations were analyzed in 125 mL glass bottles by the Winkler titration
method [51]. In order to obtain the total and size-fractionated Chl-a, i.e., <3, 3–20, >20 µm
cell size, seawater was filtered onto combusted (12 h; 450 ◦C) 0.7, 3.0, and 20 µm glass fiber
filters (type GF-F), respectively, and measured by fluorometric analysis (Turner Design
AU-10) according to standard procedures [52]. Samples (up to 3 L) of total suspended
solids were filtered using combusted GF-F filters (0.7 µm) and analyzed by the 2540-D
method [53]. Samples for H2S were fixed by the addition of saturated ZnCl2 and determined
spectrophotometrically with the methylene blue method [54]. Nutrient samples were
filtered and frozen until further analysis [53].

Water samples to evaluate picoplankton (i.e., heterotrophic and autotrophic (pig-
mented) microorganisms, i.e., bacteria, archaea, and picoeukaryotes) and phytoplankton
abundances were also taken from the Niskin bottle for both surface and bottom depths.
Picoplankton samples (2 mL) were fixed with glutaraldehyde (0.1% final concentration),
analyzed by a FACSCalibur flow cytometer (Becton Dickinson, CA, USA), and their abun-
dances were estimated following the procedures described previously [55]. Phytoplankton
samples (250 mL) were fixed with acetic acid and Lugol′s iodine solution (2–4% final
concentration) and analyzed based on the methodology proposed by Utermölh [56], using
a phase-contrast inverted microscope (CKX41SF, Olympus Corporation, Tokyo, Japan).
Seawater for total and fecal coliforms was collected in glass autoclaved bottles (250 mL),
estimated by the multiple fermentation method according to the methodology described in
APHA-AWWA-WPCF [53], and reported as the most probable number (MPN) in 100 mL.
All mean values (±SD) of the parameters measured at discrete depths are summarized in
Table 3.
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Table 3. Mean ± standard deviation of the parameters measured at discrete depths along the water
column throughout the seasons studied.

Measurements
Summer Fall Winter Spring

CB 1 CB 2 CB 3 CB 4

Surface Bottom Surface Bottom Surface Bottom Surface Bottom
Temperature (◦C) 12.80 ± 0.78 10.60 ± 0.79 12.40 ± 0.15 12.42 ± 0.06 11.55 ± 0.10 11.06 ± 0.20 12.22 ± 0.14 11.21 ± 0.47

Salinity (psu) 34.47 ± 0.04 34.51 ± 0.04 33.22 ± 0.33 33.91 ± 0.08 33.93 ± 0.11 34.45 ± 0.21 34.39 ± 0.05 34.50 ± 0.05
Density (Sigma-t) 26.01 ± 0.16 26.46 ± 0.17 25.13 ± 0.24 25.66 ± 0.07 25.84 ± 0.10 26.34 ± 0.19 26.08 ± 0.05 26.35 ± 0.12

Oxygen (mL
L−1) 5.46 ± 0.88 1.61 ± 1.61 5.51 ± 0.25 4.70 ± 0.44 5.13 ± 0.36 2.72 ± 0.84 4.01 ± 0.95 1.84 ± 1.43

Chlorophyll−a
(mg m−3) 22.32 ± 5.32 16.77 ± 11.22 3.12 ± 1.41 2.29 ± 0.60 2.44 ± 0.42 2.03 ± 0.75 2.39 ± 2.51 1.47 ± 1.14

Total coliforms
(MPN 100 mL−1) 12.38 ± 9.88 13.62 ± 18.61 1595.0 ±

2050.32
52.83 ±

61.54 54.20 ± 61.34 37.28 ± 61.83 BDL BDL

Fecal coliforms
(MPN 100 mL−1) 2.00 ± 0 14.0 ± 16.97 134.75 ±

149.73
14.61 ±

15.96 9.76 ± 7.58 18.50 ± 26.44 BDL BDL

NO2
− (µM) 0.23 ± 0.13 3.33 ± 2.90 0.18 ± 0.03 0.16 ± 0.02 0.19 ± 0.03 0.12 ± 0.07 0.48 ± 0.10 0.43 ± 0.19

NO3
− (µM) 16.87 ± 0.45 22.5 ± 4.16 12.68 ± 2.34 11.72 ± 1.28 13.76 ± 2.18 12.04 ± 8.57 24.7 ± 2.66 27.22 ± 3.79

NH4
+ (µM) 5.45 ± 3.03 3.39 ± 1.19 0.94 ± 0.39 1.01 ± 0.40 0.19 ± 0.09 0.15 ± 0.02 1.92 ± 0.50 1.70 ± 0.37

H2S (µM) BDL 12.09 ± 0.96 BDL BDL BDL BDL BDL BDL
TSS (mg L−1) 39.08 ± 4.93 34.91 ± 3.94 12.55 ± 1.79 9.76 ± 1.22 8.37 ± 1.44 10.9 ± 2.34 15.01 ± 5.48 19.4 ± 8.76

Phytoplankton
(cell mL−1)

1649.00 ±
533.90

813.90 ±
568.00

204.70 ±
96.60

373.50±
318.20

600.20 ±
391.10

799.60 ±
341.30

443.60 ±
594.70

289.60 ±
195.10

Bacterioplankton
(103 cell mL−1)

594.30 ±
210.80

637.10 ±
200.90

660.40 ±
301.00

462.40 ±
218.50

1033.00 ±
312.30

544.20 ±
164.40

527.70 ±
110.70

464.10 ±
190.70

Picoeukaryotes
(103 cell mL−1) BDL BDL 1.70 ± 0.50 1.10 ± 0.30 11.10 ± 6.40 4.10 ± 3.40 1.80 ± 1.60 0.80 ± 0.70

BDL = below detection limit.

2.4. Statistical Analyses

To identify underlying relationships between the evaluated hydrobiological parame-
ters, as well as segregations and/or clusters among them, a principal component analysis
(PCA) was employed. This tool reduces the dimensionality of a data set by keeping the
elements that contribute the most to its variance [57]. Furthermore, to evaluate the ex-
istence of space-time variations in the environmental variables, an analysis of variance
based on multiple permutations (PERMANOVA) was carried out, considering the factors:
seasonality (summer, fall, winter, and spring), sampling stations, and stratus (surface and
bottom), using the distance matrix of the environmental variables obtained from Euclidean
distances of the normalized data, considering 9999 permutations [58]. These analyses were
performed using the library Vegan [59] from the software R version 4.3.0 [60].

3. Results
3.1. Meteorological and Hydrological Physical Variability
3.1.1. Ekman Transport

The wavelet analysis of the Ekman transport denoted the persistence of a significant
annual cycle (i.e., higher intensity in a 1-year band) (Figure 2a). However, a clear decrease
in the average Ekman transport was evident during the fall–winter periods from 2009
onwards (Figure 2b). During 2018, maximum upwelling events (positive values of the
Ekman transport in Figure 3a) were recorded during austral spring–summer (September to
March). On the contrary, more pulses favorable to downwelling (negative values of the
Ekman transport) occurred during the fall and winter. The stronger Ekman transport corre-
sponded to the downwelling event during early July with an onshore transport >100 m3 s−1

(Figure 3a). Nevertheless, several upwelling events occurred during the winter months, al-
though their intensity was, in general, lower than that recorded during the spring–summer.
Thus, an intermittency between upwelling and relaxation or inversion pulses (favorable to
downwelling) developed between April and December 2018 (Figure 3a). With the exception
of the strong downwelling event of early July 2018, the Ekman Transport during 2018 was
characterized by frequent upwelling events, especially during the fall–winter, where the
curve was mostly above average climatology. Note that the climatology shows that, on
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average, the period between May and August is predominantly downwelling-favorable
(Figure 3a). Thus, the annual cycle of Ekman transport was not as strong, with marked
upwelling and downwelling seasons, as compared with the climatological average.
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3.1.2. Precipitation and River Streamflow

Monthly cumulative precipitation between 1966 and 2019 showed a persistent and
significant annual cycle; however, the intensity of this signal decreased from 2009 to 2010
onwards (Figure 2c), which is consistent with a considerable decrement during winter
(Figure 2d). The accumulated monthly precipitation recorded for the study area during
the sampling period showed a different behavior with respect to the rainfall climatology
(1966–2009) (Figure 3b), except for the summer. During austral fall–winter (from May
to August), the precipitation values were even lower than the variability (±1 SD) of the
climatology, highlighting that the greatest variability of the climatology is observed during
these months. In fact, relatively low rainfall occurred during June–August 2018, which
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used to be the months with the greatest rainfall of the year in Concepción. In contrast, the
maximum rainfall values occurred during the transition periods (i.e., May and September),
due to the occurrence of extreme precipitation events. However, the values were within the
historical variability, despite being below and above the climatological mean, respectively.
Four extreme precipitation events were registered throughout 2018 (arrows in Figure 3c)
that oscillated between 30.4 mm (17 September) and 63.6 mm (28 May). It should be noted
that the fall sampling (May 30) was carried out just after the maximum precipitation event,
which accumulated 111.8 mm in 4 days, corresponding to 14.6% of the total annual rainfall,
and consequently, a wide spreading of turbid river plumes influenced the bay (Figure 1).
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Figure 3. (a) Ekman transport (along 1000 m of coast band) for 2018 (red) and the mean climatology
(blue curve). Positive (negative) values denote upwelling (downwelling) transport. (b) Monthly
accumulated precipitation for 2018 (red) and the mean climatology (blue curve). The variability
(±1 SD) of the Ekman transport and precipitation climatologies is denoted by horizontal dashed blue
lines. (c) Daily river discharges for the Andalien River (light blue) and Bellavista Creek (blue) and
daily rainfall (orange) are shown for 2018. Vertical dashed lines denote the in situ sampling dates.
Red arrows denote peaks of extreme precipitation events during 2018.

3.1.3. Hydrographic Variability and T/S Diagram

Throughout the sampling cruises, the bay remained stratified. During spring and sum-
mer, the water column was thermally stratified with a warmer layer fluctuating between
the upper 10–15 m depth (Figure 4a,d) and promoting maximum buoyancy frequency at the
base of this layer (Figure 4q,t). During fall and winter, the stratification was modulated by
the input of freshwater, lowering the salinity of the surface layer (Figure 4f,g). This haline
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gradient was remarkably notorious during the fall because the sampling occurred just the
day after an extreme rain and discharge event (30 May; Figure 3c). Consequently, maximum
buoyancy frequency characterized the surface at ~5 m along the entire north–south axis of
the bay (Figure 4r). Thus, the stratification promoting two well-defined layers was always
found during our dates of sampling (Figure 4q–t). The spring–summer season was also
characterized by the entrance of cold, high-salinity, oxygen-poor waters through the bottom
layer (ESSW). During spring and summer, oxygen concentrations fell below the detection
limit (<0.5 mL L−1) through most of the water column—from the bottom up to 15 and 10 m
depth, respectively (Figure 4i,l). During the upwelling season, the injection of nutrient-rich
waters (see Figure 5a) into the photic layer promoted primary production, as evidenced by
the subsurface (around 10 m depth) accumulation of Chl-a during the summer (Figure 4m).
On the contrary, fall and winter were less productive periods (Figure 4n,o). It is worth
noting that an oxygenated water column was captured in fall (Figure 4j), whereas a marked
hypoxic (<2.5 mL L−1) bottom layer (down 20 m depth; Figure 4k) was found in winter,
possibly due to the input of ESSW (Figure 5c), considering that during this sampling
(29 August) and most of August, upwelling-favorable pulses dominated (Figure 3a).
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Figure 4. Temporal variability and vertical distribution of temperature (a–d), salinity (e–h), oxygen
(i–l), chlorophyll-a (m–p), and buoyancy frequency (q–t) along a meridional transect (south to north)
that considers stations: 8, 6, 3, 1 (see Figure 1) for the sampling seasons: summer (a,e,i,m,q), fall
(b,f,j,n,r), winter (c,g,k,o,s), and spring (d,h,l,p,t).

During spring–summer (Figure 5a,d), the water column was dominated by waters
of equatorial origin, which are characterized by high salinity (34.6), low temperature
(11 ◦C), and low oxygen content (ca. 1.0 mL L−1), typical of the ESSW. The upwelling of
this water mass even modified the characteristics of the surface layer, which generally has
a subantarctic origin. During the fall (Figure 5b), the water column was dominated by
less-salinity (33.7) oxygen-saturated waters (>6.0 mL L−1), characteristic of Subantarctic
Waters (SAAW). In winter (Figure 5c), nevertheless, the presence of ESSW was evident
along the bottom layer, although the SAAW dominated through most of the water column.



Geosciences 2024, 14, 125 10 of 25

Geosciences 2024, 14, x FOR PEER REVIEW 10 of 25 
 

 

north) that considers stations: 8, 6, 3, 1 (see Figure 1) for the sampling seasons: summer (a,e,i,m,q), 
fall (b,f,j,n,r), winter (c,g,k,o,s), and spring (d,h,l,p,t). 

During spring–summer (Figure 5a,d), the water column was dominated by waters of 
equatorial origin, which are characterized by high salinity (34.6), low temperature (11 °C), 
and low oxygen content (ca. 1.0 mL L−1), typical of the ESSW. The upwelling of this water 
mass even modified the characteristics of the surface layer, which generally has a 
subantarctic origin. During the fall (Figure 5b), the water column was dominated by less-
salinity (33.7) oxygen-saturated waters (>6.0 mL L−1), characteristic of Subantarctic Waters 
(SAAW). In winter (Figure 5c), nevertheless, the presence of ESSW was evident along the 
bottom layer, although the SAAW dominated through most of the water column. 

 
Figure 5. T/S diagrams for the summer (a), fall (b), winter (c), and spring (d). Note that the dissolved 
oxygen variability in the T/S diagrams is represented by the gradient in dot colors. Furthermore, the 
area with the characteristic values of temperature and salinity corresponding to the main water 
masses (i.e., SAAW and ESSW) are demarcated by rectangular boxes. 

3.2. Biogeochemical Variability 
3.2.1. Nutrients and Hydrogen Sulfide (H2S) 

The average nutrient and hydrogen sulfide variability denoted the marked 
seasonality of the system. Nitrate (Figure 6a) was higher during the upwelling season (i.e., 
spring and summer), with maximal values in spring for both layers (24.7 ± 2.66 and 27.2 ± 
3.79 µM for surface and bottom, respectively), and although its concentrations were 
reduced at the surface (16.9 ± 0.45 µM) during summer, values at depth remained 
relatively high (22.5 ± 4.16 µM). Despite lower concentrations found in fall (12.68 ± 2.34 
and 11.72 ± 1.28 µM for surface and bottom, respectively) and winter (13.76 ± 2.18 and 
11.72 ± 1.28 µM for surface and bottom, respectively) in comparison to the upwelling 
season, nitrate availability remained relatively high during these periods. Nitrite (Figure 
6c) was in general homogenously lower for both layers in fall and winter (<0.2 µM). 
However, this nutrient was relatively higher in spring (0.48 ± 0.10 µM at the surface and 
0.43 ± 0.10 µM at the bottom), reaching its maximum values at depth during summer (3.33 

Figure 5. T/S diagrams for the summer (a), fall (b), winter (c), and spring (d). Note that the dissolved
oxygen variability in the T/S diagrams is represented by the gradient in dot colors. Furthermore,
the area with the characteristic values of temperature and salinity corresponding to the main water
masses (i.e., SAAW and ESSW) are demarcated by rectangular boxes.

3.2. Biogeochemical Variability
3.2.1. Nutrients and Hydrogen Sulfide (H2S)

The average nutrient and hydrogen sulfide variability denoted the marked season-
ality of the system. Nitrate (Figure 6a) was higher during the upwelling season (i.e.,
spring and summer), with maximal values in spring for both layers (24.7 ± 2.66 and
27.2 ± 3.79 µM for surface and bottom, respectively), and although its concentrations were
reduced at the surface (16.9 ± 0.45 µM) during summer, values at depth remained rel-
atively high (22.5 ± 4.16 µM). Despite lower concentrations found in fall (12.68 ± 2.34
and 11.72 ± 1.28 µM for surface and bottom, respectively) and winter (13.76 ± 2.18 and
11.72 ± 1.28 µM for surface and bottom, respectively) in comparison to the upwelling sea-
son, nitrate availability remained relatively high during these periods. Nitrite (Figure 6c)
was in general homogenously lower for both layers in fall and winter (<0.2 µM). How-
ever, this nutrient was relatively higher in spring (0.48 ± 0.10 µM at the surface and
0.43 ± 0.10 µM at the bottom), reaching its maximum values at depth during summer
(3.33 ± 2.90 µM). Similarly, ammonium availability (Figure 6b) was homogenously dis-
tributed between the surface (1.92 ± 0.50 µM) and bottom layers (1.70 ± 0.37 µM) during
spring, but with concentrations less than half of those found in summer (5.45 ± 3.03 and
3.39 ± 1.19 µM for surface and bottom, respectively), when its maximum accumulation
occurred. In contrast, the concentrations of ammonium were lower during fall (0.94 ± 0.39
and 1.01 ± 0.40 µM for surface and bottom, respectively) and winter (0.19 ± 0.09 and
0.15 ± 0.02 µM for surface and bottom, respectively), becoming an order of magnitude
smaller in winter than those registered during fall. Hydrogen sulfide (H2S—Figure 6d) was
just registered during summer (readings for other seasons were below detection limit), and
its average accumulation occurred particularly at the bottom layer (12.09 ± 0.96 µM), with
the greatest concentrations found at the middle (St. 6; 12.77 µM) and middle-west (St. 5;
11.41 µM) of the bay (Supplementary Figure S2).
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Figure 6. Temporal variability and vertical availability of nitrate (a), nitrite (b), ammonium (c),
hydrogen sulfide (d), total suspended solids—TSS (e), total (f) and fractionated (g) chlorophyll-a, and
abundances of phytoplankton (h), bacterioplankton (i), picoeukaryotes (j), and total (k) and fecal
(l) coliforms. Note that for each season (vertical axis), there are two bars that represent the average
values for the surface (light gray) and bottom (dark gray) layers, except for (g), where cell fractions
are represented by different colors according to the legend on top. In this case, and for each season,
the upper bar represents the surface layer, and the lower the bottom ones. Horizontal lines, when
corresponding, denote the standard deviation.

3.2.2. Total Suspended Solids and Chlorophyll-a

The concentrations of total suspended solids (TSSs) were higher during the upwelling
season (Figure 6e), with slight differences between layers. While the highest mean values
were found at depth during the spring (19.4 ± 8.76 mg L−1), a maximum concentration
was registered at the surface in summer (39.08 ± 4.93 mg L−1). Oppositely, during the fall
and winter, TSS availability was lower, with values < 15 mg L−1 more homogeneously
distributed through the water column relative to the vertical differences registered during
the spring–summer.

The highest chlorophyll-a (Chl-a) concentration was registered during the summer
(Figure 6f), reaching peaks ca. 20 mg m−3, mainly concentrated (ca. 80% for both layers)
in the cell fraction >20 µm (i.e., chain-forming diatoms). For the other sampling seasons,
the concentrations of Chl-a were, in general, lower or just over 5 mg m−3. While the
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cell fraction between 3–20 µm dominated (ca. 70% and 60%, respectively) during the fall
and winter, being similarly distributed for both layers, in spring, the >20 µm cell fraction
was the most represented at the surface (ca. 80%). However, it is remarkable that during
the spring, the fraction below 3 µm became important at both layers (ca. 50% in some
stations) relative to the other studied periods. The variability of the Chl-a contribution by
cell fraction is shown in Figure 6g.

3.2.3. Microbial Community Abundances

Maximum abundances of phytoplankton were registered during summer (Figure 6h),
with the highest mean values at the surface (1649.0 ± 533.9 cell mL−1), relative to those
found in the bottom layer (813.9 ± 568.0 cell mL−1). Conversely, during the transition
periods, i.e., fall and spring, the abundance of phytoplankton was much lower and did
not exceed 500 cells mL−1, with higher values at the bottom (373.5 ± 318.2 cell mL−1) and
surface (443.6 ± 594.7 cell mL−1) for these periods, respectively. Unexpectedly, phytoplank-
ton abundances in winter were higher relative to the transition periods (600.2 ± 391.1 and
799.6 ± 341.3 cells mL−1 for the surface and bottom, respectively). It should be noted that
phytoplankton densities were maximum at the surface during the upwelling season (spring
and summer), while these peaks were found at the bottom during the fall–winter.

Maximum average abundances of bacterioplankton (i.e., heterotrophic and autotrophic
bacteria and archaea) were registered at the surface during the winter (1033.0 ± 312.3 × 103

cells mL−1), denoting a marked difference with the bottom layer (544.20 ± 164.4 × 103

cells mL−1). During the summer, the vertical distribution of picoplankton was more
homogeneous, but slightly higher at depth (637.1 ± 200.9 × 103 cells mL−1). Similar
densities of bacterioplankton were found at the surface during the summer and fall (ca.
600 × 103 cell mL−1), while lower values (ca. 460 × 103 cell mL−1) were estimated at the
deepest layer for the fall and spring (Figure 6i). Picoeukaryotes were also maximum during
the winter, relative to the other seasons, and also with clear differences between the surface
(11.1 ± 6.4 × 103 cells mL−1) and bottom (4.1 ± 3.4 × 103 cells mL−1) layers, whereas for
the transitional periods (i.e., fall and spring), picoeukaryotes densities were similarly lower
for both layers (<2 × 103 cells mL−1). It is interesting to mention that during the summer,
the picoeukaryotes were too low to be detected by the method used (Figure 6j).

The maximum presence of total (1595 ± 2050 MPN 100 mL−1) and fecal (134.8 ± 149.7
MPN 100 mL−1) coliforms was registered at the surface during the fall, with concentrations
that exceeded the values estimated for the other seasons by three orders of magnitude
(Figure 6k,l, respectively). It should be noted that the fall sampling was carried out just
after an extreme rain event (30 May; Figure 3c) and that the distribution of both total
and fecal coliforms was more homogeneous throughout the entire bay (see influence of
the riverine plumes and of the wetland during this sampling in Figure 1). Although the
concentrations of coliforms remained lower during winter and summer, relative to fall
conditions, surface values were slightly higher for total coliforms and in an opposite way
for fecal coliforms. Nonetheless, despite coliforms concentrations being lower during
the winter, higher values were registered both at the surface and bottom in the stations
associated with the tributary systems—Bellavista Creek and Andalien River (see Sts. 4 and
7, respectively, in Supplementary Figure S1). It is remarkable that, in general, the coliforms
were below the detection limit during the spring.

3.3. Principal Component Analysis

The first component explained 31.2% of the total variability of the data. This variability
is modulated by the seasonal changes related to differences in parameters such as salinity,
density, nitrate, and total suspended solids, mainly due to the modifications of the water
masses in the bay in response to the upwelling process. The second component, explaining
19.9% of the variability, is related to the differences occurring between strata (surface and
deepest layers), particularly evident during the summer, mainly because of changes in
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temperature, oxygen, Chl-a, ammonium, and phytoplankton abundances, which is related
to the high productivity registered during this period (Figure 7).
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Figure 7. Principal component analysis for the physicochemical and biological parameters evaluated:
temperature (T), salinity (S), density (D), oxygen (Ox), nitrate (NO3), nitrite (NO2), ammonium
(NH4), hydrogen sulfide (H2S), total suspended solids (TSS), chlorophyll-a (Chl-a), and abundances
of phytoplankton (Phy), bacterioplankton (Bac), picoeukaryotes (PEuk), and total (TC) and fecal
(FC) coliforms. Seasons and layers are represented by different colors. Surface (red) and bottom
(orange) layers in summer; surface (green) and bottom (light green) layers in fall; surface (blue) and
bottom (gray) layers in winter; and surface (yellow) and bottom (pink) layers in spring. The values in
parenthesis on each axis indicate the percentage of variance within each principal component/axis.

The PERMANOVA analysis indicates that the Seasonality*Stations and Seasonal-
ity*Stratus interactions are significant, while the Stratus*Stations interaction is not (Table 4).
Despite the existence of some significant interaction, it is not possible to refer to specific
factors determining this interaction. The Seasonality*Stations interaction indicates that the
sampling points present significant variations along the different campaigns, denoting that
there would be some important local effects (e.g., proximity to the tributaries, presence of a
submarine outfall, oceanic or port influence, etc.) affecting the oceanographic conditions
at each station. On the other hand, the Seasonality*Stratus interaction is explained due
to the differential behavior of some of the parameters evaluated throughout the water
column. Thus, there are parameters whose distribution in the water column is modulated
by the seasonal changes of the system, while others respond to local effects that are not
persistent across all campaigns. Despite the significance of the spatial variations (among
sampling stations), the chemical and biological data are presented as averages (standard
deviation) for each sampling period (Figure 6), but these variations are discussed in detail
where appropriate.
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Table 4. Results of the analysis of variance based on multiple permutations (PERMANOVA).

Df Sums of
Squares

Mean
Squares F. Model R2 Pr (>F)

Seasonality 3 17,413,563 5,804,521 8.5158 0.23688 0.001 ***
Stratus 1 3,358,419 3,358,419 4.9271 0.04569 0.001 ***
Sampling Stations 1 908,203 908,203 1.3324 0.01235 0.286
Seasonality:Stratus 3 10,656,583 3,552,194 5.2114 0.14496 0.001 ***
Seasonality:Stations 3 5,459,898 1,819,966 2.6701 0.07427 0.032 *
Stratus:Stations 1 952,764 952,764 1.3978 0.01296 0.269
Residuals 51 34,762,614 681,620 0.47288
Total 63 73,512,045 1

Significance codes: *** = 0.00; and * = 0.01.

4. Discussion
4.1. Meteorological and Hydrological Temporal Variability

It has been widely established that the alongshore wind forcing modulates the tem-
poral variability of the hydrographic properties, e.g., [61–63], and the coastal marine
productivity [64,65] off central-southern Chile. Changes in the wind stress pattern owing to
the seasonal cycle in the south-north-south displacement of the South Pacific High (a high
atmospheric pressure system), also referred to as South Pacific Anticyclone—SPAc [66],
have historically determined two well-defined oceanographic phases: dominance of down-
welling in austral fall–winter and upwelling during the spring–summer. As a result,
differential hydrographic characteristics modulate the oceanographic regime in CB, with
the predominance of SAAW and ESSW in winter and summer, respectively [67–70]. How-
ever, the results presented here support a quite different picture of this historical seasonal
pattern of the coastal system around 36◦ S [71], with upwelling-favorable pulses occurring
more frequently during the fall–winter, which keep the system stratified and more enriched
during most of the year due to the recurrent injection of nutrients. Thus, our study reveals a
wind- and rain-modulated change in the temporal behavior of the hydrographic conditions
in CB and, consequently, in the biogeochemical response of the system. In this sense,
there has been an intensification and southward displacement of the SPAc since 2007 [46],
which promotes an intensification of the coastal equatorward winds, and consequently,
more upwelling-favorable winds [45,72]. This is particularly relevant in the context of the
future of eastern boundary margins under climate change, since the Humboldt Current
System would be one of the most affected by the intensification of alongshore winds and
the extension of the upwelling season [73]. This increment in the upwelling frequency and
strength has substantially cooled the water column and increased the surface salinity of this
coastal system, with important changes in the structure (and likely on the function) of the
phytoplankton [74] and zooplankton communities [75], and by extension, on higher trophic
levels [76]. This concatenated response of the system, due to the change in the regular
seasonal dynamics of the upwelling, has great socioeconomic implications considering
that CB is a pivotal area for larval retention of important commercial fish species like
anchoveta that spawn during winter when environmental conditions are adequate (i.e.,
low temperature, strong turbulence, and reduced productivity) due to the lack of coastal
upwelling and a seasonal light limitation [77,78].

The marine productive yield triggered by coastal upwelling depends not just on
nutrient injection but also on the water column stratification, e.g., [79]. Stratification off
central-southern Chile, including CB, is mainly modulated by seasonal changes in the
heat flux (i.e., insolation) throughout the year and by the buoyancy generated by the
river discharge inflow and precipitation during the spring and winter, respectively [62,80].
The conceptualization of the seasonal dynamic in this coastal system establishes that
the change in wind stress during fall–winter breaks the stratification generated by the
summer upwelling. However, the results obtained here show that CB could function as a
two-layer system during most of the year: thermally stratified in spring–summer and by
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freshwater flows in fall–winter, with a marked temporal asynchrony between the surface
layer and the bottom layer, particularly evident during the fall–winter. Nonetheless, it is
important to highlight that the stratification also varies on a synoptic scale in response to
the intensification or relaxation of the wind stress [37,81,82]. Thus, rapid temporal changes
can occur in the water column structure within a particular season.

Precipitation in southern-central Chile is controlled by the displacement to the most
northern position of the SPAc, which allows the entrance of extratropical cold fronts
during the winter [83]. However, since the 1950s, a negative trend in annual rainfall has
prevailed in this region [84], which has intensified since 2009 due to an unprecedented
extreme drought event [43,44]. Changes in the rainfall pattern, which include a diminished
precipitation, particularly during winter, and the increasing recurrence and intensification
of extreme rainfall events [23–28] during the transitional periods (i.e., fall and spring), have
implications for the productivity and sanitary condition (see details below) of this coastal
ecosystem. Some of these extreme rainfall events have been identified as atmospheric
rivers, which induce heavy orographic precipitation with up to 45–60% of the total annual
precipitation in the region between 32◦ S and 37◦ S [85]. The changes in the amount and
timing of the water delivered have impacts on the stratification, the dilution effect of
freshwater inputs, and the amount and quality of the terrigenous materials in the system.

4.2. Seasonal and Vertical Biogeochemical Variability

The biogeochemical variability observed through this study denotes the seasonality of
the system in response to the injection of nitrate-rich, oxygen-poor ESSW during the spring–
summer. This fertilization enhanced the primary production, especially near the surface, as
evidenced by the accumulation of Chl-a and the biomass of phytoplankton. However, a
relatively high nitrate concentration remains in the system throughout the year, due to the
frequent occurrence of upwelling-favorable intermittent pulses during the fall–winter. This
injection of nutrients sustained an active but less abundant photoautotrophic community
(relative to summer) composed mainly of small cells (see details of the biological variability
below). On the other hand, oxygen concentrations fell below the detection limit (<1 mL L−1)
through most of the water column during spring and summer. Considering that the summer
sampling occurred just during a wind-relaxation event and after a long period of upwelling-
favorable pulses, it is expected that the coupling between surface and deeper layers had
been promoted, facilitating organic matter produced by photosynthesis at the surface
(using the TSS as a proxy, whose concentration was similarly higher in the surface layer
and at the bottom) to settle and be respired at depth [86,87]. These respiration processes not
only remineralize the organic material, returning inorganic compounds to the system (e.g.,
ammonium, nitrite, and nitrate), but also determine the intensity of the oxygen deficiency
in the already oxygen-limited waters (i.e., ESSW) that are advected into the shelf (including
the CB) during the upwelling pulses [65,88]. Under this oxygen limitation and nitrate
availability, microbial-mediated nitrate metabolism is expected to be activated [89,90], and
the organic matter should be respired by heterotrophic microorganisms mainly through
the reduction of nitrate/nitrite, which act as electron acceptors instead of oxygen, e.g., [91].
These processes generate remineralized ammonium as a product of the decomposition of
nitrogenous organic material, evident through the huge accumulation of this compound
during the summer. Thus, considering all these geochemical signatures, i.e., oxygen
depletion, nitrate availability, and nitrite and ammonium accumulations, it is possible
to speculate that nitrogen loss processes are occurring at depth in the central part of the
bay (Stations 3, 5, and 6), similarly to what has been reported in a time series station (St.
18) located in the middle shelf (18 nm offshore) off CB [88]. These metabolic pathways,
named canonical denitrification, which may include the autotrophic process known as
ANAMMOX (anaerobic ammonium oxidation), produce refractory forms of nitrogen such
as N2O and/or N2, thus regulating the loss of bio-available nitrogen species, e.g., [91,92].
As a result, it limits the productivity of the system. Furthermore, the N2O produced could
eventually diffuse into the atmosphere [93], impacting the climate since it is a powerful
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greenhouse gas, 300 times more radiatively effective than CO2, and a major catalyst for
ozone destruction in the stratosphere [94].

It is important to highlight that there was a large accumulation of nitrite (3.33 ± 2.90 µM)
but particularly of H2S (12.09 ± 0.96 µM) in the bottom layer during the summer, evidenc-
ing anoxic conditions [95] just in the inner part of the bay (Stations 5 and 6; Supplementary
Figure S2). Under this absence of oxygen, H2S is mainly produced in the sediments (and its
interface with the water column) as the result of organic matter degradation through micro-
bial sulfate-reduction processes [96]. Sediments of the bay were characterized by a high
content of organic matter (>10%), which has been associated with the eutrophication of this
system, i.e., high rates of photoautotrophic primary production and the deposition of the
biomass produced, especially during the upwelling season [15,97,98]. During this period,
sedimentary sulfate-reduction rates in CB are significantly higher relative to winter [15].
Depending on the mechanisms that control the ventilation at depth (i.e., wind stress, stratifi-
cation, and water circulation), the H2S accumulated at the bottom could spread to the water
column [99,100]. In this sense, and similar to other highly productive Eastern Boundary
Upwelling Systems, such as Namibia and Peru, where sulfidic conditions reach values up
to 30 and 4 µmol H2S L−1, respectively [101,102], the bottom accumulation of H2S and
its subsequent subsurface oxidation to elemental sulfur (S0) is evident by the presence of
turquoise discolored surface waters due to the light reflection produced by the formation of
colloidal precipitated microgranules of S0 [102–104]. A true color Sentinel image revealed
the formation of a sizable patch (~50,96 km2) of milky turquoise waters during the summer,
which corresponds to ~30% of the total area of the bay (Supplementary Figure S2). Consid-
ering H2S is a highly toxic gas to most eukaryote organisms, with negative consequences for
fisheries and human health [103,105–108], and that pulses of occurrence of these turquoise
waters in CB are frequent during the upwelling season [109], the lack of knowledge of its
causes and consequences generates concern and uncertainty among the authorities and
the population in general. Nevertheless, studies conducted in the vicinity (St. 18) of the
CB demonstrated that γ-proteobacteria involved in sulfur cycling (i.e., SUP05) are highly
abundant in the bottom waters of this system [110] and that they probably detoxified the
waters via the chemolithotrophic oxidation of H2S coupled to the reduction of NO3

− [88],
in a pathway known as sulfur-driven autotrophic denitrification, similarly to the observed
in sulfidic African shelf waters [101].

4.3. Seasonal and Vertical Variability of Biological Communities

It is well known that the main source of energy that sustains the productivity of
the marine aquatic ecosystem is phytoplankton, e.g., [111] and references therein. In the
Humboldt Current System, the particularly high primary production is mainly promoted
by wind-modulated upwelling of nutrient-rich waters [64,86]. This increment in the phy-
toplankton biomass triggers the heterotrophic activity in the pelagic system [112–114],
channeling the energy to higher trophic levels and supporting one of the biggest fisheries
worldwide [115–117]. As it was already established, during our hydrographic sampling
periods there were upwelling-favorable pulses not just during the spring–summer but
also during the fall–winter months, which allowed macronutrient content like nitrate to
remain relatively high throughout the year. This wind-forcing fertilization generates re-
markable seasonal changes not just in the total mean abundances but also in the structure
of the phytoplankton community, as evidenced by the temporal variability of the size-
fractioned chlorophyll. Thus, the highest phytoplankton abundance (and Chl-a), mainly
represented by micro-phytoplankton cells (>20 µm), was registered, especially at the sur-
face during summer. In contrast, less abundant (two-three times more than the summer)
nano-phytoplankton (3–20 µm) cells dominated in the fall–winter period. Analysis of the
temporal variability (2002–2009) of the phytoplankton structure at the middle shelf off CB
(i.e., St. 18) demonstrated that, at inter-annual scale, total abundance and biomass of the
micro-phytoplankton community were at least one order of magnitude greater during the
spring–summer [74], varying from neritic chain-forming diatoms during the upwelling
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period to pennate sorts typical of coastal waters during the fall–winter [74,118–121]. On
the contrary, it seems that there is not a clear seasonality for the nano-phytoplankton
community at St. 18 (2004–2006), although the highest mean abundance and biomass were
estimated during the upwelling season [118,122]. This temporal variability of phytoplank-
ton, dominated by a few diatom genera, has been related to changes in the upwelling
intensity and frequency, but also to changes in surface temperature and salinity [74], which
are controlled by the fluctuations of solar radiation throughout the year and by the fresh-
water input, mainly due to rainfall in the winter and melting from the Biobío river during
the spring [62,80]. CB is also thermally stratified during the spring and summer and by
the entrance of freshwater during fall and winter, mainly by rain and through the An-
dalien River and Bellavista Creek. The water stability produced by this thermic and haline
stratification and the permanent availability of nutrients generate conditions favorable
to phytoplankton development, e.g., [79], although with marked biomass and size (i.e.,
composition) differences between summer and winter. Nevertheless, it is interesting to
highlight that despite the spring sampling occurring once the upwelling season was already
developed (i.e., during the second third of the season by the end of November), the system
denoted a remarkably lower phytoplankton biomass and Chl-a content than in summer
and even than in winter. This lower productivity should be related to the synoptic behavior
of the upwelling events, where equatorward winds alternate with periods (2 to 8 days)
of relaxation or even reversals [123,124], since the relaxation of the upwelling intensity
provides the required steadiness that triggers the phytoplankton bloom [86,87]. Therefore,
because the spring sampling occurred at the end of a prolonged active upwelling period
(that lasted ~15 days), and despite the fact that the system was full of nutrients (the highest
nitrate content both at the surface and bottom of all samplings), it seems that turbulent
conditions did not allow phytoplankton to take advantage of this injection of nutrients,
evidencing the importance of the balance between physical and nutritional forces for this
community [125,126]. During this period, nevertheless, pico-phytoplankton (<3 µm) also
became an important fraction of the total Chl-a, with values higher than 20% for the surface
and bottom layers, contributing considerably to carbon cycling, as it has been widely
demonstrated in coastal systems [127–129], especially when larger phytoplankton (i.e.,
nano- and micro-plankton) are not blooming [130]. On the contrary, during winter, maxi-
mum abundances of bacterioplankton and pico-eukaryotes, relative to the other seasons,
indicate that during this period, an important part of the energy is produced through active
heterotrophic activity by the remineralization of organic matter and channeled to higher
trophic levels by the microbial food web [131], becoming an important source of energy
for ciliates and flagellates [119,122,130]. In fact, up to 96% of the primary production could
be utilized by the bacterioplankton community in the upwelling areas of the Humboldt
Current System off Chile [113]. Changes in the size of the primary producers affect not only
the efficiency of energy that is transferred to higher trophic levels but also the sedimentation
rates of the organic matter.

On the other hand, a significant contribution of total and fecal coliforms was recorded
in the surface waters of CB after the extreme precipitation event registered during the
fall sampling. The presence of these bacteria is associated with fecal contamination, an
indicator of the potential entry of other pathogens into the system. Hepatitis A outbreaks
have been reported in human coastal populations in the study area associated with fecal
pollution events that were significantly correlated with an important increase in precip-
itation [17]. Several studies report the appearance of infectious disease outbreaks after
severe weather events, especially rain and floods [132–137]. Therefore, the increase in the
frequency and intensity of extreme rain events could affect the water quality of CB with
important consequences for public health, considering that it is a multiple-use area where
different productive activities coexist (e.g., port, industrial, artisanal, sports, recreational,
and touristic), in addition to being a place of spawning, recruitment, and extraction of
important marine resources [3–5]. Future studies should consider the residence times of
the bay under the effects of high river discharge events and their potential implications
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on the accumulation/dispersion of pathogens. Among these resources, bivalve mollusks
are of particular interest since they can concentrate several human pathogens transmit-
ted by fecal wastes, including enteric viruses such as Norovirus and hepatitis A virus
(HAV) [16,138–140]. Pathogen increments in CB, therefore, could affect the human popula-
tion through the consumption of these marine commercial species. In fact, reports from the
Ministerial Secretary (SEREMI) of Health of the Government of Chile confirmed an increase
of 88% in cases of hepatitis A in the Biobío region during the hydrographic sampling period
(2018) relative to the previous year, suggesting avoiding the consumption of raw marine
species [18,141].

5. Final Considerations

In the actual climatic crisis, several atmospheric and oceanographic stressors are
projected [20]. For instance, an intensification of the alongshore upwelling favorable wind
stress is projected [35], due to the increment in the temperature and atmospheric pressure
gradient between land masses and the ocean [36]. This increment, not just in the upwelling
strength but also in its frequency, has changed the structure of the water column off central-
southern Chile [46], and the biological response of the system has become evident [74–76].
However, this increment in the upwelling strength would not only occur during the
spring–summer but also during the winter [46]. Furthermore, changes in the frequency,
intensity, and timing of extreme rainfall events are becoming more recurrent [25,26,28,29].
In this context, our results indicate that changes in the regular pattern of rainfall together
with recurrent upwelling-favorable wind pulses during fall–winter altered the seasonality
of the physicochemical conditions and the structure of the phyto- and pico-planktonic
communities during 2018, with productivity and sanitary implications affecting not just
the biogeochemical behavior but the ecosystem functioning of CB.

On the other hand, the frequency and intensity of drastic dissolved oxygen decline
(<20 µM O2) events in many coastal marine environments have increased worldwide since
the 1960s [34,142–145]. In fact, a recent long-term study demonstrated the intensification of
the hypoxia over the continental shelf off CB, where hypoxic and severe hypoxic waters
(<89 and <22 µmol O2 L−1) have increased more than 2-fold in volume since 1997 [146].
The projected decrease in oxygen concentrations [32] and the increase in water column
stratification [33], as well as local eutrophication [34], might lead to more frequent and
intense events of oxygen and other electron acceptors (e.g., NO3

− and NO2
−) reduction.

This would be mainly because of N loss processes, which could also favor the accumulation
of toxic sulfide waters in coastal marine systems [99–103], as was registered during 2018
in CB, with consequences that have not yet been clearly defined for the functioning of
this coastal marine ecosystem and the sustainability of its resources. These projections in
the biogeochemical properties of the upwelling ecosystems (decrease in oxygen content,
increased production of greenhouse and noxious gases, changes in composition of primary
producers, etc.) agree with the potential changes in other eastern boundary systems
worldwide, e.g., [147,148].

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/geosciences14050125/s1, Supplementary Figure S1: Total (left)
and fecal (right) coliforms by layers, including all stations sampled during the seasons studied;
Supplementary Figure S2: Hydrogen sulfide availability (in µM) at the bottom layer (upper panel)
and a true color Sentinel image denoting the influence of turquoise waters at the surface of CB (lower
panel) during the summer campaign. The sentinel image was obtained from the Copernicus Open
Access Hub (https://scihub.copernicus.eu, accessed on 7 September 2022); the date with the image
available corresponds to the sampling time (3 January). It should be noted that even if hydrogen
sulfide accumulates in bottom waters, as seen in the upper panel, it is unlikely to be detected by
remote sensing until it oxidizes and rises to surface waters. Taking into account that the true color
image was obtained during an upwelling pulse (see Figure 2), it is expected that the turquoise-colored
waters developed in the southern part of the bay considering the two-layer circulation with a bottom
southward inflow during upwelling conditions [149].

https://www.mdpi.com/article/10.3390/geosciences14050125/s1
https://www.mdpi.com/article/10.3390/geosciences14050125/s1
https://scihub.copernicus.eu
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