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• The activity of PLV upwelling centre
affected the environmental variability
of Tongoy Bay.

• Stronger upwelling generated more
acidic and low oxygen environmental
conditions.

• A. purpuratus showed biological mecha-
nisms to handle acidified and hypoxic
conditions.

• More intense upwelling events de-
creased the survivorship of A. purpuratus.

• A potential upwelling intensification will
negatively impact the scallop
aquaculture.
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Understanding how marine species cope with the natural environmental variability of their native habitats will
provide significant information about their sensitivity to the potential environmental changes driven by climate
change. In particular, marine species inhabiting upwelling ecosystems are experiencing low seawater tempera-
tures, as well as, acidic and low oxygen conditions as a consequence of the nature of the deep upwelled waters.
Our study is focused on one of the most important socio-economical resources of the Humboldt Current System
(HCS): the scallop Argopecten purpuratuswhich has been historically subjected to intensive aquaculture in areas
influenced by upwelling processes. Here, a long-term field experiment was performed to understand how
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tolerant and well-locally-adapted is A. purpuratus to upwelling conditions by studying a set of fitness, physiolog-
ical, and biomineralogical traits. Stronger upwelling generated a minor water column stratification, with lower
temperatures, pH, and oxygen conditions. On the contrary, as upwellingweakened, temperature, pH, and oxygen
availability increased. Finally, upwelling intensity also determined the number, duration, and intensity of the
cooling and de-oxygenation events occurring in A. purpuratus habitat, as well as, the food availability (chloro-
phyll-a concentration, Chl-a). Physiologically, A. purpuratuswas able to copewith stressful environmental condi-
tions imposed by higher upwelling intensities by enhancing its metabolic and calcification rates, as well,
producing higher concentrations of the shell organic matter. These physiological changes impacted the total en-
ergy budget, which was highly dependent on Chl-a concentration, and revealed important traits trade-offswith
significant fitness costs (higher mortalities emerged when longer and more intense upwelling events succeed).
Our study increases the knowledge about the physiological performance and tolerance of this important resource
to the ocean acidification and ocean-deoxygenation imposed by variable upwelling intensities, as well as, its po-
tential vulnerability under future changing conditions driven by a potential upwelling intensification.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Coastal upwelling occurring at the Eastern Boundary Upwelling Sys-
tems (EBUS) is modulated by Ekman dynamics and large-scale thermo-
cline processes (Barber and Smith, 1981; Pickett and Paduan, 2003;
Messié et al., 2009). Equatorwardwinds force upwelling by transporting
deeper colder and nutrient-rich waters to the surface where sunlight
promotes the phytoplankton production (Sydeman et al., 2014). As a
consequence, upwelling areas sustain the most productive ecosystems
in the global ocean (Yáñez et al., 2017; FAO, 2018) with a major role
in the marine primary production (7% of global marine production,
Carr et al., 2002), and theworldwide fisheries (N20% global fish catches,
Chavez and Messié, 2009) providing a high number of livelihoods and
benefits to human society (Levin and Le Bris, 2015).

Global warming, as a consequence of increasing greenhouse gasses
emissions from human activities, is responsible that more than 71% of
coastal zones are experiencing a net heat gain (IPCC, 2019). However,
this warming is not so evident in some EBUS as they have shown a de-
crease in their average thermal conditions for the last decades (Lima
and Wethey, 2012; Falvey and Garreaud, 2009; IPCC, 2019). In particu-
lar, studies in theHumboldt Current System (HCS) have shown a consis-
tent decrease of−0.36 °C and−0.07 °C per decade for the Peruvian and
Chilean coasts, respectively (Gutiérrez et al., 2011; Seabra et al., 2015).
Cooling trends in the HCS (Lima and Wethey, 2012; Falvey and
Garreaud, 2009) have been attributed to changes in the magnitude
(stronger) and duration (longer) of upwelling events as a consequence
of a poleward shift inmajor atmospheric high-pressureHadley cells that
triggers an intensification the alongshore favourable-upwelling winds
(Lu et al., 2007; Rykaczewski et al., 2015; Schneider et al., 2017;
Aguirre et al., 2018; Jacob et al., 2018). However, temperature is only
one of the multiple environmental variables subjected to change if up-
welling intensifies, indeed anupwelling intensificationmight also redis-
tribute the low-oxygen and high-CO2 waters closer to shores. This will
have widespread consequences on the coastal biogeochemical cycles
and the physiology and fitness of all aerobic and calcifiying life, and,
the multiple ecosystem services associated (García-Reyes et al., 2015;
Levin, 2018; IPCC, 2019). Thus, to date, understanding how local biota
residing upwelling-influenced habitats might be affected by a possible
strengthening of the upwelling conditions is an urgent issue to be
disentangled, especially because this information would help to predict
future impacts, and take more adequate actions.

In Chile, fisheries are one of themost important socio-economic and
productive activities with landings that exceeding 3.8 million tons per
year (SERNAPESCA, 1978–2014). Furthermore, Chile stands out among
the 10 major aquaculture countries with more than 2000 centres
(Yáñez et al., 2017). In particular, the culture of aquatic species is one
of the main 15th national economic activities with the highest growth
during the last years (Chilean Central Bank, 2017) being an important
source of employment in remote regions, and helping to reduce poverty
(Ceballos et al., 2018; González-Poblete et al., 2020). In Chile, the native
scallop Argopecten purpuratus is a bivalve species extensively subjected
to aquaculture practices with production exceeding 4700 tons per year
(SERNAPESCA, 2017). Its culture is mainly concentrated in northern
Chile, specifically at Tongoy Bay (30°S), a northwest-facing embayment
located upstream of Punta Lengua de Vaca (PLV), the most active up-
welling centre along the Chilean coast (Rutllant & Montecino, 2002;
Rahn and Garreaud, 2014). In this region, upwelling occurs year-
round being more frequent during the austral spring-summer seasons
(Moraga-Opazo et al., 2011; Bravo et al., 2016), and impacts on the
environmental variability of the Tongoy Bay as a consequence of the
sub-surface water properties (e.g. colder, more acidic, hypoxic, and
richer-nutrient) (Torres et al., 1999; Torres and Ampuero, 2009;
Ramajo et al., 2019).

To date, a large number of studies on A. purpuratus have focused on
understanding how this species physiologically responds to changes in
multiple drivers such as oxygen, temperature, or salinity (see Navarro
and Gonzalez, 1998; Martinez et al., 2000; Soria et al., 2007). More re-
cently, the impacts of the ocean acidification, ocean warming, and
ocean de-oxygenation, as well as the role of the food availability have
been assessed on multiple physiological and biomineralogical features
(see Aguirre-Velarde et al., 2016; Lagos et al., 2016; Lardies et al.,
2017; Ramajo et al., 2016a). However, to date, only one laboratory
study has addressed, in the upwelling context, how combined changes
in temperature, pH and oxygen affect the physiology and fitness of
A. purpuratus (see Ramajo et al., 2019). Although many of these studies
coincide about the great tolerance of A. purpuratus to multiple environ-
mental conditions, to date, no studies have assessed how natural
changes in the upwelling intensity might be affecting its physiological
performance, and consequently their fitness. Accordingly, it is existing
a high difficult to make accurate forecasts about how future conditions,
potentially entailed by an upwelling intensification, could affect the en-
tire socio-economic scenario linked to A. purpuratus.

Here, a long-term field experiment was performed to understand
how A. purpuratus is impacted by the natural environmental dynamic
of its habitat driven by upwelling processes of different intensity. To
do that, key indicators of physiological performance and biological
stress onmultiple bivalve species such asmetabolic, growth and calcifi-
cation rates, as well as, shell bio-mineralogical properties (e.g.
periostracum, shell organic matter) were monitored at different
spatio-temporal scales with marked environmental differences modu-
lated by differences in the intensity of favourable-upwelling winds.

2. Material and methods

2.1. Organisms collection

On 25th September 2017, 504 healthy juvenile scallops from wild
populations (i.e. no shell damage and no shell parasites, see Basilio
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et al., 1995) of similar size (~20 mm maximum length) growing at
Tongoy Bay (30°16′S; 71°35′W) (Fig. 1) were provided by the scallop
aquaculture company OSTIMAR S.A. Juvenile scallops were transported,
under insulated conditions, to the laboratory situated at Tongoy (Liceo
Carmen Rodríguez Henríquez), and further labeled with numbered
bee tags glued onto the shells allowing their identification during the
experiment (Fig. S1). At the laboratory, initial size (maximum large
and maximum width) and initial buoyant weight were determined in
all experimental juvenile scallops. During the initial measurements, ju-
venile scallops were maintained in aquaria at 14 °C, pHNBS near to 8.0,
and saturated oxygen conditions (N90%).

2.2. Experimental design

After the initial measurements, all experimental scallops were
placed inside four scallop culture structures called by the industry
pearl nets. Each pearl net contained two independent nets separated
for approximately 25 cm (see Fig. S1). A total of 63 juvenile scallops
with similar size [19.61 mm ± 0.11(SE), one-way ANOVA: P = 0.265]
were randomly selected and placed at each net (see Fig. S1). Pearl nets
were located in the culture line number 95 (hereafter, L95) of
OSTIMAR S.A. company (30°15′26″S; 71°30′8″W) (Fig. 1) at two differ-
ent experimental depths (two pearl nets at 9m and two at 22m depth).
Here, the net of each pearl netwas considered as an independent repli-
cate (i.e. 4 replicates per depth treatment). Depth treatments were con-
sidered by two different reasons: (1) studies have shown how PLV
Fig. 1. Study site.Tongoy Bay coastal area with positions of the experiment (blue circle)
deployed in the culture line L95 and the location of the automatic weather station
placed close to the upwelling centre Punta Lengua de Vaca (PLV) (red circle). (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
upwelling impact over the water column stratification processes pro-
ducing differential environmental conditions at different depths (see
Moraga-Opazo et al., 2011), and (2) at Tongoy Bay, scallops are cur-
rently cultured along a great depth gradient (from 9 m to 30 m depth).

The experiment lasted for a total of 183 days, and it was time-
controlled three times (hereafter, Period 1, Period 2, and Period 3). The
experimental Period 1 lasted 50 days (28th September 2017 to 17th
November 2017), Period 2 lasted 50 days (21st November 2017 to 9th
January 2018), and the Period 3 lasted 83 days (12th January 2018 to
2nd April 2018). At the end of each experimental Period, the four pearl
nets with the experimental scallops were removed from the L95 and
transported to the laboratory. Then, all alive scallops were transferred
to aquaria with aerated seawater collected from each experimental
depth (9 and 22 m). Further, multiple eco-physiological measurements
(see below) were performed, and dead organisms were counted. After
measurements, alive scallops were returned to the field in new and
clean pearl nets following the same experimental design above de-
scribed. Experimental scallops were assigned at the same experimental
depth treatment where they came from, however, to avoid any experi-
mental bias related to dense-dependency, some animals were relocated
(inside same depth treatment) among nets to maintain the similar
number of individuals per replicate.

2.3. Environmental conditions at Tongoy Bay

The intensity of wind-driven upwelling was determined using the
continuous 10 m wind records from an Automatic Weather Station
(AWS) at PLV (see Fig. 1). This well-exposed coastal location (~90 m
from the coast) was taken as representative of the upwelling favourable
conditions in the Tongoy Bay (Fig. 1) (Torres and Ampuero, 2009). Be-
sides, multiple environmental variables were monitored (at high and
low frequency) along the three experimental study Periods. Daily sea
surface temperature (SST) was obtained from satellite-derived Multi-
scale Ultra-high Resolution (MUR) analyses, and validated with in-situ
SST measurements performed with a CTD probe (Ocean Seven
304Plus, Idronaut®) (see Fig. S2). At high frequency (each 15min), dis-
solved oxygen (DO) (HOBO U26 Dissolved Oxygen Data Logger,
ONSET®), and temperature (TidbiT Water Temperature Data Logger,
ONSET®) were measured by attaching these sensors to the experimen-
tal pearl nets located at 9 and 22m depth (see Fig. S1). At low frequency
(weekly), pHNBS, and total chlorophyll-a (Chl-a) conditions were deter-
mined by collectingwater samples at each depth through a NISKIN bot-
tle (5 L vol.). For pHNBS measurements, 3 water samples per depth were
analyzed within 60 min after water collection using a Metrohm 780
Meter (Metrohm®) connected to a combined electrode (Aquatrode
Plus with Pt1000, Metrohm®) previously calibrated using three NBS
buffers (Metrohm®) at 25 °C. For total Chl-a measurements, 2 water
samples (200 mL volume) per depth (surface, 9 m and 22 m) were fil-
tered through GF/F glass fiber filters (0.7 um) and frozen at−20 °C. At
the laboratory, Chl-a was extracted in 90% acetone under dark condi-
tions to further bemeasured. Total Chl-awas determined using a digital
Turner fluorometer Designs (Trilogy Model) according to the standard
procedures described by Strickland & Parsons (1968). Before measure-
ments, fluorometer was calibrated using pure chlorophyll solutions
(from 0.1 to 100 μgL-1) in 90% acetone.

2.4. Physiological responses

For the three different experimental Periods and two depths, the
metabolic (MR), growth (GR) and net calcification rates (NCR) of exper-
imental scallops were determined. Gross GRs (hereafter, GGRs) were
determined in all alive organisms as the difference of maximum length,
maximumwidth and total area (estimated as an ellipsoid) between two
consecutive experimental Periods and divided by the number of days
elapsed between these Periods (mm day−1 or mm2 day−1). Further,
GGRs were normalized by body size (hereafter, SGRs) to exclude the



4 L. Ramajo et al. / Science of the Total Environment 745 (2020) 140949
ontogenic factor (i.e. differential amount of energy assigned to growth
during the different life-stages, see Von Bertalanffy, 1964). To do that,
individual GGRs were divided by the maximum shell length of each in-
dividual at the beginning of each Period. In the case of SGRs based on
area measurements, GGRs were divided by the area of each individual
at the beginning of each Period. NCRs, for all alive individuals, were esti-
mated by using the buoyant weight technique (Davies, 1989). Buoyant
weight was converted into shell dry weight using the seawater density
(average conditions at Tongoy Bay, salinity = 34‰, temperature =
14 °C, see Ramajo et al., 2019), and the density of calcite
(2.71 g cm−3) (see Ramajo et al., 2016a). Finally, NCRs were computed
as the change in the shell dry weight between two consecutive experi-
mental Periods, and normalized by the initial shell dry weight of the in-
dividuals (mg CaCO3 day−1 g−1). MRs were determined by measuring
the oxygen consumption of 5 individual scallops per replicate (net) (n
= 20 per depth) at the end each Period. For MRmeasurements, experi-
mental scallops were incubated individually by using respirometric
chambers of variable volume (depending of the shell size of the scallop)
at 14 °C (annual average temperature at the Tongoy Bay, see Ramajo
et al., 2019). Temperature during the measurements was controlled by
an automated temperature chiller (BOYU,Model L075).MRsweremea-
sured by using an optical fiber system (Mini Oxy-4 Respirometer,
PreSens, Regensburg, Germany). Before measurements, experimental
individuals fasted for 48 h in filtered seawater (5 μm). MRs were nor-
malized by the dry weight of each individual (mg O2 h−1 g−1). Finally,
buoyant weight was used to estimate changes in the allometry slopes
by fitting with maximum length shell for the three different Periods
and two depths.

2.5. Biomineralogical responses

Between 5 and 10 A. purpuratus individuals per replicate (nets) (n=
20–40 per depth treatment) at the end of each Periodwere randomly se-
lected and sacrificed. Shells of these specimenswere used to explore the
composition and structure of the shells and periostracum. Beforeminer-
alogical analyseswere performed, all shells were thoroughly cleaned by
sonication in water 3 times during 2 min to remove adhered organic
matter. The mineral composition and microstructure organization of
the shell at the outer surface were analyzed by 2D X-ray diffraction. In-
tact pieces of shell (1× 1 cm), cut from the outer growthborder,was an-
alyzed by using an X-ray single crystal diffractometer (Bruker D8 Smart
Apex), equippedwith a CCD areadetector ofmolybdenum radiation and
a 0.5 nm diameter collimator. To measure the samples by reflection
mode, the diffractometer ω and 2θ angles were set at 10° and 20°, re-
spectively (Checa et al., 2014). 2D X-ray diffraction patterns were ana-
lyzed by XRD2DScan software 7.0 (PANalytical, The Netherlands). The
angular scattering in the orientation calcite crystals was determined
from the Full Width Half Maximum (FWHM) of peaks displayed in the
intensity profile along the Debye ring of the 104 calcite reflection (104
gamma scan). The amount and type of shell organic matter in
A. purpuratus were determined by thermogravimetric analyses (TGA).
The weight loss events detected at specific temperature ranges were
assigned to water loss (20 °C–180 °C), inter-crystalline organic matter
(180 °C–400 °C) and intra-crystalline organic matter (400 °C–600 °C)
(Rodríguez-Navarro et al., 2006). The organic chemical composition of
the periostracum was determined by analyzing the outer shell surface
at the growth border by Attenuated Total Reflectance-Fourier Trans-
formed Infrared Spectroscopy (ATR-FTIR) with Jasco Model 6200 spec-
trometer. A total of 32 scans per measurement with a resolution of
2 cm−1 in themid infrared region (4000 to 400 cm−1) were used to de-
termine the organic chemical periostracum composition. The relative
percentage of proteins, polysaccharides and lipids were estimated
from the absorption peak areas associated with the characteristic mo-
lecular group of each component (e.g., O-H:water; C–H:lipids or fatty
acids; amide:proteins; C–O:carbonates; S-O:sulfates; COC:sugars/poly-
saccharides; see Fig. S3). Additionally, A. purpuratus shell morphology
andmicrostructure were analyzed by high resolution scanning electron
microscopy (SEM) using a Zeiss Gemini (Germany). Shell samples (in-
tact and fractures) were observed after applying a carbon coating
(Hitachi UHS evaporator). All instrumentation used for the bio-
mineralogical analyses was housed at the Department of Mineralogy
and Petrology (Sciences Faculty) and the Scientific Instrumentation
Center (CIC) of the University of Granada.

2.6. Mortality

Dead organisms were counted at the end of each Period for both ex-
perimental depths. Mortality rates were estimated as the percentage of
dead organisms per day (% day−1).

2.7. Data analysis

Environmental and biogeochemical seawater properties (i.e. pHNBS,
temperature, DO and total Chl-a), based on the mean state (±standard
error, SE), and their variability (coefficient of variation, CV), were
established for the three experimental Periods at 9 m and 22 m depth.
Environmental and biogeochemical variables differences at 9 m and
22 m depth were evaluated using Student paired t-tests. Regarding the
upwelling estimates, the 30-min mean wind components (i.e. zonal
and meridional) were rotated into a coordinate system approximately
aligned with the direction of the coast. From those wind records, along-
shore wind stress (τalongshore, units = N m−2) was calculated by using
the bulk formula:

τalongshore ¼ ρa � Cd � vj jv

where ρa is the constant air density (1.22 kgm−3), and Cd is the neutral
drag coefficient varying with v (see Large and Pond, 1981; Gill, 1982).
Following, the alongshore wind stresswas used to calculate the upwell-
ing index (M, units = m2 s−1 per meter of coast) based on the cross-
shore volume transport. Note that, due to volume conservation, M is a
direct measure of the vertical volume transport inherent with coastal
upwelling (Bakun, 1975):

M ¼ 1
ρw f

τalongshore

where τalongshore is the alongshore wind stress, ρw is the density of sea-
water (assumed constant at 1024 kg m−3), and f is the Coriolis param-
eter. Negative values of Ekman transport (M) indicate offshore
transport (upwelling favourablewinds),while positive values imply on-
shore transport (downwelling favourable winds) (Bakun, 1975). Given
that upwelling, in the study region, is dominated by synoptic variability
(see Renault et al., 2009), we removed the longer time scales of by
subtracting a 30-day running mean from the daily average time series
of Ekman transport (M), temperature and DO. This provides what is re-
ferred here as ‘daily anomalies’ which allow quantifying the different
cooling and de-oxygenation events occurring at Tongoy Bay during
the experiment.

Following Tapia et al. (2009), cooling and de-oxygenation events
were identified when the temperature and DO anomalies steadily
dropped from positive values, crossed the zero and returned to positive
anomaly conditions (see Fig. 2). Further, by using this definition, it was
possible to estimate the duration and the intensity of the cooling and
de-oxygenation events for all Periods and both depths (Fig. 2). The in-
tensity of cooling and de-oxygenation events was calculated as an inte-
grated measure of the area between the negative segment of the
anomaly curve and the zero-line, while the duration of the events was
estimated by counting the number of days elapsed between the onset
of a temperature or DO anomaly decrease and the subsequent zero-
crossing when anomalies return to positive values. Additionally, the
number of events was obtained by summing all events observed during



Fig. 2. Upwelling dynamics. Schematic of a daily anomaly time series covering two
cooling (or deoxygenation) events with different intensity (duration and anomaly
intensity) occurring at Tongoy Bay. The temporal extension of each anomalous event
spans the onset of the drop-in temperature or DO until the variable anomaly returns to
positive values. The intensity of the anomaly corresponds to the area (shaped in blue)
between the negative curve and the x-axis. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
Based on Tapia et al. (2009) methodology.
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each Period (see Fig. 2). Finally, the relationship between the Ekman
transport (M) and the in-situ measurements of temperature and DO
was quantified by using Pearson correlation analyses for all Periods and
both depths.

Differences in GRs and NCRswere assessed by using hierarchical lin-
ear mixed-effects models. Four different model-types with different
combinations of fixed effects were used to evaluate the independent,
additive, and interactive effects of depth and experimental Periods
(see Table S1). Random effects at the individual level were employed
to control for potential organism effects, and random effects at the rep-
licate (net) level were employed to control for potential ‘replicate-ef-
fects’ in all models. Linear mixed-effects models were estimated by
using the lme4 package of R software, version 3.5.0. Restrictedmaximum
likelihood (REML) was used to fit eachmodel, and to calculate unbiased
estimates of parameter variance and standard error. The AFEX-package
in R was used to obtain parameter P-values for the linear mixed-
effects models, using the Kenward-Roger approximation for degrees-
of-freedom. Optimal models were identified as those yielding the
greatest number of significant (P b 0.05) fixed effects, with random ef-
fects assigned by AIC (see Table S2). Variance and standard deviation
of the random effects (individual and replicate) are also reported.

The relationship between maximum shell length (SL) and shell
weight (SW) for each Period and both depthswas examined using stan-
dardizedmajor axis analyses (SMA). Differences in slopes (b)within the
same Period at both depthswere estimated by using the scaling relation-
ship SL = aSWb. Allometry analyses were assessed by using the R-
package smatr (R software, version 3.5.0.)

Differences on the MRs and mortality rates, as well as, some
biomineralogical shell properties (e.g. shell crystal orientation,
shell organic matter) were determined by using a two-way ANOVAs
with depth and experimental Periods fixed as factors. When signifi-
cant differences were found, Tukey HSD tests were performed to re-
solve differences between treatments (Periods and depths). Prior to
ANOVA analyses, data were transformed (i.e. log) when was neces-
sary to satisfy the assumptions of normality and homogeneity of
variance. Normality and variance homogeneity were verified by
using the Shapiro–Wilk and Levene tests. ANOVA analyses were per-
formed by using R software (version 3.5.0.).
Finally, we used MANOVA analyses to determine differences in the
relative chemical organic component forming periostracum during the
experiment and betweendepths. In addition, Pearson's correlation anal-
yses of the major bands in the FTIR spectrum from the periostracum
(lipids, proteins, polysaccharides) and the shellmineral (CO3)were per-
formed to provide information about their relationships.

3. Results

3.1. Upwelling and environmental variability at Tongoy Bay

Coastal upwelling, induced by Ekman transport, at PLV exhibited a
maximum intensity (large negative M values) during the first part of
the study (spring 2017, Period 1) with a continuous reduction toward
the end of the experiment (early-autumn 2018, Periods 2 and 3)
(Fig. 3A; Table 2). Additionally, upwelling events (i.e. negative Ekman
transport) were alternated with relaxation episodes (i.e. near zero
Ekman transport values) on synoptic scales (from 1 to ~15 days, see
Fig. 3A). At the surface, temperature (in average) showed a steady in-
crease from Period 1 to Period 3 from 13.74 °C to 17.20 °C. However, at
themiddle of Period 3 (February-2018), temperature started to decrease
(see Fig. 3B), consistent with the onset of the autumn. On average, sea
surface Chl-a showed an important reduction from Period 1 to Period
3, however its variability showed an opposite pattern increasing from
Period 1 to Period 3 (see Fig. 3E, Table 1).

Temperature, DO and pHNBS, at both depths (9m and 22m) showed
a similar pattern than SST, an increment from Period 1 to Period 3
(Table 1; Fig. 3B–D). On the contrary, total Chl-a, similar to observed
at the surface, showed a consistent decrease from Period 1 to Period 3
at 9 m and 22m depth (Fig. 3E). In average, Period 1 showed the lowest
temperature, DO and pHNBS values comparing with Period 2 and Period
3. On the other hand, Period 3 showed the highest values in temperature
(Fig. 3B), while pHNBS and DO were maximum during the Period 2
(Table 1; Fig. 3C–D). Significant differences in temperature, DO and
pHNBS between 9 m and 22 m depth were found for the three different
Periods (see Table 1). In general, temperature, DO and pHNBS were sig-
nificantly higher at 9 m than at 22 m depth (Table 1; Fig. 3B–D). How-
ever, during the first part of the experiment (Period 1), these
differenceswere smaller in comparisonwith the subsequent two exper-
imental Periods (Period 2 and Period 3) (Table 1; Fig. 3B–D). Although,
Chl-a showed higher concentrations at 9 m than at 22 m depth, these
differences were only significant during Period 2 (Table 1; Fig. 3E).

In terms of variability (measured as CV), important differences were
found among the three Periods (Tables 1 and 2). Ekman transport vari-
ability exhibited a clear increase from Period 1 (CV ~ 50%) to Period 3
(CV ~ 70%) (see Table 2). This agrees with the quasi-permanent upwell-
ing conditions observed during the Period 1 in relation to the upwelling-
relaxation fluctuations that occurred during the Periods 2 and 3
(Fig. 3A). DO variability was reducing from Period 1 to Period 3, and it
was always lower at 9 m than at 22 m depth (see Table 1). Chl-a vari-
ability (9 m and 22 m depth) was higher during the Period 1 and Period
2 (CV = 70–94%) in comparison with Period 3 (see Table 1). Tempera-
ture (at surface, 9 m and 22 m depth) and pHNBS (at 9 m and 22 m
depth) showed low variability (CV b 8%), in comparison with the
other environmental drivers, during the three Periods, and not clear dif-
ferences were observed between 9 m and 22 m depth (Fig. 3B, D;
Table 1).

From the analyses of temperature and DO anomalies, it was ob-
served important changes in terms of the number, duration and inten-
sity of the cooling and de-oxygenation events during the three Periods
and both depths. The number of cooling and de-oxygenation events in-
creased from Period 1 to Period 3, while their intensity and temporal ex-
tension showed lower values during Period 2 and Period 3 in comparison
with Period 1 (see Table 2). Furthermore, wind-driven upwelling activ-
ity was significantly correlated with temperature and DO conditions
during the majority of the Periods at 9 m and 22 m depth (see Table 2;



Fig. 3. Tongoy enviromental conditions. (A) Daily averaged and high-pass filtered time series of Ekman transport at PLV, in segmented and continuous lines, respectively. Daily averaged time series of (B) seawater temperature and (C) DO at 9 m
(light blue) and 22 m (dark blue) depths. Weekly time series of (D) pHNBS and (E) Chl-a concentration at 9 m (light blue) and 22 m (dark blue) depths. for the three experimental Periods. Vertical segmented lines separate the three experimental
Periods. Sea surface temperature (SST) and Chl-a at surface are also showed. (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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Table 1
TongoyBay environmental conditions. Temperature, dissolved oxygen (DO), pHNBS and total chlorophyll-a (Chl-a) recorded during the three different experimental Periods and 9mand
22mdepths at Tongoy Bay from September 2017 to April 2018. Sea surface temperature (SST) and Chl-a at surface are also showed. A summary of the paired comparison between depths
(9 m and 22 m) within the same Period is also presented. Variability for each variable was estimated by the Coefficient of Variation (CV, %). Values are means ± SE. Bold texts show sig-
nificant P-values at α = 0.05. ND: Not determined. Sea surface temperatures were obtained from MUR SST analyses.

Temperature
(ºC)

Dissolved Oxygen
(ml L-1)

pHNBS Total Chlorophyll-a
(mg m-3)

Mean CV (%) Mean CV (%) Mean CV (%) Mean CV (%)

Period 1 (Spring season)
Surface 13.74±0.11 5.49 ND - ND - 10.45±2.55 68.93
9m depth 12.34±0.08 4.36 1.96±0.16 56.19 7.71±0.01 1.21 6.63±1.68 71.62
22m depth 12.08±0.07 4.04 1.45±0.13 62.97 7.59±0.01 1.06 3.90±1.31 94.62
Paired t-test -20.47 -12.28 -4.37 -1.93
P-value 0.000 0.000 0.005 0.095

Period 2 (Summer season)
Surface 16.13±0.13 5.77 ND - ND - 5.22±1.70 86.20
9m depth 14.43±0.15 7.10 4.17±0.16 26.32 8.03±0.01 0.90 5.59±1.49 75.30
22m depth 13.46±0.13 6.54 3.22±0.16 34.65 7.68±0.02 1.61 2.61±0.60 64.79
Paired t-test -17.08 -11.05 -6.39 -2.96
P-value 0.000 0.000 0.001 0.021

Period 3 (Summer-autumn seasons)
Surface 17.20±0.12 5.99 ND - ND - 2.40±0.71 101.56
9m depth 15.04±0.09 5.65 3.54±0.08 20.34 7.89±0.01 1.56 1.20±0.09 25.71
22m depth 13.66±0.09 5.83 2.39±0.10 39.00 7.63±0.01 1.12 1.19±0.10 26.36
Paired t-test -33.62 -14.12 -7.73 -0.11
P-value 0.000 0.000 0.000 0.918
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Fig. 3). However, during the Period 1was registered the highest and sig-
nificant correlation between Ekman transport and temperature-DO
conditions (R2 N 0.78). On the contrary, as time progressed during the
experiment, the correlation values (though still significant) decreased
(see Table 2).
3.2. Growth rates

GGRs (measured as changes in maximum large, maximum width
and maximum area by time) increased from Period 1 to Period 3 at
both depths (9 m and 22 m), being always lower in those scallops
grown at 22 m than 9 m (Table S3; Fig. S5). Linear mixed models con-
trolled for the random effects of individual and replicate confirmed
that environmental conditions occurring at each experimental Period
and at the different depths predicted significantly the GGRs observed
(P b 0.05). On the other hand, no significant interaction between factors
tested (Periods and depth) was detected for GGRs based in changes in
the maximum shell length and maximum shell width (Fig. S5;
Table S3). GGRs based in changes in the total shell area by time showed
a significant interaction between the factors Period and depth (P-
value b 0.0001) (Table S3; Fig. S5).
Table 2
Upwelling index. Daily-averaged Ekman transport estimates (average conditions and variabilit
temperature and DO conditions registered at Tongoy Bay during the experiment. The number,
ation events (ml L-1 by day) registered by the three Periods at both experimental depths are sho
time series (see Methods section). Bold texts show significant P-values at α = 0.05. Data show

Ekman Transport R2 (P-value) Coo

Mean (m2 s-1) CV (%) Depth Temperature (ºC) Dissolved
Oxygen (ml L-1)

Num
(#)

Period 1 (Spring season)
-0.50±0.04 50.55 9m 0.78 (0.000) 0.85 (0.000) 4

22m 0.78 (0.000) 0.86 (0.000) 3

Period 2 (Summer season)
-0.28±0.03 70.77 9m 0.09 (0.039) 0.07 (0.066) 5

22m 0.10 (0.026) 0.12 (0.015) 5

Period 3 (Summer-autumn seasons)
-0.25±0.02 71.27 9m 0.03 (0.119) 0.39 (0.000) 11

22m 0.05 (0.035) 0.03 (0.118) 9
SGRs (measured as changes in maximum large, maximum width
andmaximum area by time and normalized by the initial size of the or-
ganisms) decreased from Period 1 to Period 3 at both depths (9 m and
22 m), being always SGRs higher in those scallops grown at 9 m than
22 m (Table 3; Fig. 4A–C). Linear mixed models showed similar results
from the GGRs data analyses. The environmental conditions occurring
at each experimental Period and at the different depths tested predicted
significantly the SGRs observed (P-value b 0.05), where no significant
interaction between factors tested (Periods and depth) was detected
(Fig. 4A, B; Table 3) for any of the shell size variables measured (length,
width and area).
3.3. Metabolic rates

MRs of experimental scallops were significantly different among
the Periods (Table 4). Scallops during the Period 2 showed signifi-
cantly lower MRs in comparison with Period 3, but similar with Pe-
riod 1. Scallop MRs during Period 1 and Period 3 were similar
(Fig. 5A). No significant differences in the MRs were found to com-
pare scallops grown at 9 m and 22 m depth in any of the Periods
(Table 4; Fig. 5A).
y) and its correlation (expressed bymeans of its coefficient of determination, R2) with the
mean duration (days) and the average intensity of the cooling (ºC by day) and deoxygen-
wn. R2 values were calculated by using the Ekman transport, temperature and DO filtered
n are means ± SE.

ling Events De‑oxygenation Events

ber Duration
(days)

Intensity
(ºC by day)

Number
(#)

Duration
(days)

Intensity
(ml L-1 by day)

9.00±1.83 2.63±1.00 1 13.15 8.93
9.69±2.31 2.80±1.10 1 12.11 6.85

5.16±1.40 1.57±0.64 5 5.94±1.48 2.77±0.93
6.13±1.47 1.80±0.77 4 7.90±1.42 3.77±1.35

5.23±0.86 1.95±0.53 9 4.96±1.09 1.85±0.74
6.24±1.57 2.26±0.91 8 6.02±1.41 2.59±1.30



Table 3
Growth and calcification. Summary of statistical parameters for linear mixed effects
models containing the most significant (P b 0.05) fixed effects (with random effects
assigned by AIC) for size-normalized growth rates (length, width and area) and net calci-
fication rates. Relative variance of the random effects (individual, replicate) are shown.
Bold texts show significant P-values at α = 0.05.

Fixed effects Value SE t P-value

Length (mm day−1 by size)
Intercept 0.0087 0.0003 28.01 b0.0001
Depth −0.0001 0.0000 −5.40 b0.0001
Period −0.0011 0.0001 −10.44 b0.0001
Random effects Variance SD
Individual 0.0000 0.0008
Replicate 0.0000 0.0001

Width (mm day−1 by size)
Intercept 0.0098 0.0004 28.28 b0.0001
Depth −0.0001 0.0000 −5.84 b0.0001
Period −0.0013 0.0001 −10.80 b0.0001
Random effects Variance SD
Individual 0.0000 0.0008
Replicate 0.0000 0.0002

Area (mm2 day−1 by size)
Intercept 0.0228 0.0009 26.44 b0.0001
Depth −0.0002 0.0000 −5.57 b0.0001
Period −0.0029 0.0002 −10.24 b0.0001
Random effects Variance SD
Individual 0.0000 0.0024
Replicate 0.0000 0.0004

Net calcification rate (mg CaCO3 day−1 g−1)
Intercept 0.0035 0.0014 24.68 b0.0001
Period −0.0050 0.0006 −7.78 b0.0001
Random effects Variance SD
Individual 0.0000 0.0049
Replicate 0.0000 0.0011
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Fig. 5. Metabolism and calcification. (A) Metabolic rates (mg O2 h−1 g−1) and (B) net
calcification rates (mm day−1) of A. purpuratus scallops exposed to three different
experimental Periods and two depths with dissimilar upwelling intensities and
environmental conditions. Data are means ± SE.

Table 4
Metabolism andmortality. Effect of Period (three levels; Period 1: from September to No-
vember 2017; Period 2: November to January 2018; Period 3: from January to April 2018)
and depth (two levels: 9 and 22m) onmetabolic andmortality rates of A. purpuratus. Bold
texts show significant P-values at α = 0.05. Tukey HSD post hoc tests are shown.

Source DF MS F P-value Post-hoc tests

Metabolic Rate (mgO2 h
-1 g-1)

Period (P) 2 0.042 5.38 0.015 P1 = P3 N P2 = P1
Depth (D) 1 0.001 0.17 0.688
P * D 2 0.002 0.30 0.746
Residuals 18 0.008

Mortality Rate (% day-1)
Period (P) 1 0.000 8.15 0.003 P3 b P1 = P2 N P3
Depth (D) 1 0.000 6.57 0.020 9m b 22m
P * D 2 0.000 1.34 0.325
Residuals 18 0.000
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3.4. Net calcification rates

Scallops exhibited positive NCRs during all Periods at both experi-
mental depths (Fig. 5A). NCRs showed a decreasing trend throughout
the time (from Period 1 to Period 3) at 9 and 22 m depth (Table 3;
Fig. 5B) being higher at 9 m than 22 m depth (Fig. 5B). Linear mixed
models controlled for the random effects of individual and replicate
confirmed that environmental conditions occurring at each Period and
depth predicted significantly (P-value b 0.05) the NCRs of experimental
scallops. No significant interaction between factors tested (Periods and
depth) was detected (Table 4).

3.5. Allometry

Shell weight of A. purpuratus exhibited a significant scaling relation-
ship with the shell maximum length (Fig. 6). The different slopes (b) of
the scaling relationship SW = aSLb, at different Periods and depths
(Period 1: b9m = 2.82 [2.64,2.99 CI]; b22m = 3.00 [2.83,3.16 CI]; Period
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3.6. Shell organic matter

TGA analyses were used to determine the total shell organic matter
(inter- and intracrystalline) of A. purpuratus shells among the different
experiment Periods and depths. Intercrystalline shell organic matter
was significantly influenced by depth, being higher at 9 m than at
22 m depth. In addition, higher values of intercrystalline shell organic
matter were recorded during Period 2 in comparison with Period 1 and
Period 3 which were similar between them (Fig. 8A; Table 5). On the
other hand, the concentration of intracrystalline organic matter was
higher during the Period 1 in comparison with Period 2 and Period 3,
while depth did not affect the concentration of intracrystalline shell or-
ganic matter (Table 5; Fig. 8B).
3.7. Crystal shell orientation

DRX analyses showed that the intensity of Debye rings is concen-
trated in arcs, indicating that calcite crystals are preferentially oriented
with their c-axis nearly perpendicular to the shell surface. Analyses of
Table 5
Shell organicmatrix and crystal orientation. Effect of Period (three levels; Period 1: from
September to November 2017; Period 2: November to January 2018; Period 3: from Janu-
ary to April 2018) and depth (two levels: 9 and 22m) on the shell organic matrix (inter-
crystalline and intra-crystalline) and shell crystal orientation (Full Width Half Maximum,
FWHM), in scallops A. purpuratus. Comparison among Periods and depths were tested by
using Tukey HSD post hoc tests. Bold numbers indicate significant P-values at α = 0.05.

Source DF MS F P-value Post-hoc tests

Inter-crystalline Organic Matter (%)
Period (P) 2 0.041 10.36 0.000 P2NP1=P3bP2
Depth (D) 1 0.018 4.49 0.037 9mN22m
P * D 2 0.001 0.21 0.812
Residuals 82 0.004

Intra-crystalline Organic Matter (%)
Period (P) 2 0.167 23.41 0.000 P1NP2=P3
Depth (D) 1 0.021 2.91 0.092
P * D 2 0.001 0.12 0.885
Residuals 82 0.007

FWHM (deg)
Period (P) 1 95.44 0.45 0.503
Depth (D) 1 97.94 0.47 0.497
P * D 1 75.54 0.36 0.551
Residuals 68 210.12
the angular scattering in the orientation of crystals and measured as
the FWHMof themain peak in 104 gamma scans showed no significant
differences neither between the different Periods (two-way ANOVA, P-
value = 0.835) nor between depths (two-way ANOVA, P-value =
0.497) (Fig. 8C; Table 5).

3.8. Periostracum organic composition

ATR-FTIR analyses of the outer shell of experimental scallops re-
vealed that the strongest IR bands correspond to carbonate (CO3) sig-
nals. Still, conspicuous peaks from main periostracum organic
components: proteins, lipids and polysaccharides were observed
(Fig. S3). No significant differences in carbonate (CO3), lipids, proteins
and polysaccharides signals among specimens from different Periods
(Wilks' Lambda = 0.88, P-value = 0.259), or between depths (Wilks'
Lambda= 0.11, P-value= 0.080) (Fig. 7A, B) were observed. However,
by analyzing the amount of organic components and CO3 in all experi-
mental organisms (independently of the Period and depth which were
exposed), we observed a significant and negative correlation among
the signal of CO3 and the polysaccharides, proteins and lipids signals.
In particular, polysaccharides were the organic compound that more
contributed to the decrease in the CO3 signal (R2

adj = 0.90, P-value =
0.000), followed by proteins (R2

adj = 0.28, P-value = 0.000) and lipids
(R2adj = 0.11, P-value = 0.001) (Fig. 7C).

3.9. Shell morphology and microstructure

A. purpuratus shell morphology was characterized by conspicuous
ribs that provided an undulating appearance of crests and valleys to
the shell outer surface (Fig. S4). The shell surface showed a terraced
morphology with edges parallel to the shell growth margin
representing successive growth events. The shell surface was coated
by a very thin periostracum that shows the topography of the underlay-
ing mineral deposits (Fig. S4C, D). The periostracum showed a fibrous
morphology with fibers running parallel to the shell edge. The
periostracum fibers showed an inner nanogranular structure (granules
are b100 nm in size), and the shell mineral was well-ordered and pre-
sented a layered structure made internally of laths of foliated calcite
(Fig. S4E–G). The foliated calcite was made of long and slender beams
of calcite crystals about 1 μm wide and 200 nm thick terminated with
rhombohedral faces. The layer and lath surfaces were oriented parallel
to the shell inner surface and the calcite beams were highly aligned
and oriented perpendicular to the shell growth edge. Toward the
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outer shell surface and particularly in the ribs, the shell mineral loss its
layered structure and becomes more disorganized being formed by
massive aggregates of calcite microcrystals of uniform size (about
1 μmin size; Fig. S4H, I). No obvious and visible differenceswere noticed
in shell morphology and/or microstructure characteristics among spec-
imens collected at different Periods and depths.

3.10. Mortality

Experimental scallops showed significant differences in mortality
during the different experimental Periods and between depths
(Table 4). A visible negative trend in the mortality rates were detected
from Period 1 to Period 3 (Fig. 9). Similar mortality rates were observed
during Period 1 and Period 2 (P-value N 0.05), which were significantly
higher in comparisonwith Period 3 (Fig. 9).Mortality was always signif-
icantly lower at 9 m than 22 m depth (Fig. 9; Table 4).

4. Discussion

Predicting how marine biota will cope with future conditions re-
quires an adequate understanding of the environmental dynamic, as
well as, an improvement in the knowledge of how tolerant are marine
species to heterogeneous environments. Here, focused on the Chilean
scallop A. purpuratus, we addressed these two important points by
recording, at high and low frequency, the environmental variability of
the habitat where this species is cultured to further correlate it with
changes in its fitness, physiological and biomineralogical performance.
Our study showed how from austral spring 2017 to autumn 2018,
Tongoy Baywas affected by favourable-upwellingwindswith dissimilar
intensities that modulated the temperatures, oxygen, pH, and produc-
tivity average conditions, as well as, their variability. Upwelling inten-
sity also impacted the number, intensity, and duration of cooling and
de-oxygenation events to which A. purpuratus organisms were exposed
during the experiment. In response to this high environmental
variability, A. purpuratus showed a significant phenotypic flexibility in
multiple physiological (e.g. growth, metabolic, calcification rates), and
biomineralogical responses (e.g. shell organic matter) that allowed it,
in the majority of the cases, to adjust to punctual stressful conditions
imposed by upwelling. However, under longer and more intense
upwelling events, the survivorship was negatively impacted.

4.1. Effect of upwelling on Tongoy Bay environmental dynamic

Here, for the first time, it could be established how the coastal upwell-
ing, based on Ekman transport, is capable of impact simultaneously the
temperature, pH, dissolved oxygen, and Chlorophyll-a conditions at
Tongoy Bay. Specifically, under higher Ekman transport (i.e. intense
favourable-upwelling winds), Tongoy Bay showed reduced temperature,
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pH and DO conditions. On the contrary, weaker Ekman transport was as-
sociated with an increase in the aforementioned variables. Note that
Ekman transport is one of the various processes that influence the spatial
and temporal structure of upwelling. In particular, Ekman suction induced
by cyclonic wind stress curl (Bravo et al., 2016; Astudillo et al., 2017),
physical processes linked to coastal orography (Renault et al., 2015), SST
wind coupling (Chelton et al., 2007), surface vertical mixing within the
mixing layer and heat fluxes (Hong et al., 2013; Astudillo et al., 2019),
could be impacting the upwelling circulation in the study region. There-
fore, some limitations can exist to only consider the alongshore wind
component, as Ekman transport does, to describe environmental condi-
tions at Tongoy Bay. Nevertheless, the significant correlations found be-
tween Ekman transport and temperature and DO during the study
would be indicating that Ekman transport is a good predictor of the envi-
ronmental dynamic occurring at Tongoy Bay, especially under more in-
tense favourable-upwelling wind conditions (higher correlations). Also,
themagnitude and timingof Ekman transportwere influential on the var-
iability of DO, and Chl-a concentration, and, to a lesser extent, in pH and
temperature.
Additionally, Ekman transport variability also had dissimilar impacts
in environmental conditions at different depths of the water column.
Csanady (1977) showed how the intensity and duration of the upwell-
ing pulses (i.e. wind impulse) determines the water column stratifica-
tion in upwelling-influenced coastal regions. During the experiment,
Tongoy Bay showed a marked gradient in terms of temperature, pH
and DO from the surface to deeper waters, however, this heterogeneity
was lower under higher Ekman transport (Period 1). On the contrary, a
weaker Ekman transport, in addition to the shallower summer mixed
layer depth, favoured an increase in the water stratification. These re-
sults highlight the role of upwelling intensity on the verticalmixingpro-
cesses occurring at Tongoy Bay (see Renault et al., 2012; Astudillo et al.,
2019; Largier, 2020).

On average, Chl-a concentration followed an opposite pattern than
temperature, pH, andDOduring the experiment, showing higher values
when Ekman transport was greater. This agrees with previous studies
that have observed how chlorophyll biomass increases during the up-
welling season as a consequence of an increase in the nutrients load at
Tongoy Bay (Letelier et al., 2009). On theother hand,manyother biolog-
ical and physical processes could be responsible for the lowest Chl-a
concentrations (~1.20 mg m−3) recorded along the water column dur-
ing the summer-autumn season. For instance, Lasker (1975) and
Lasker & Zweifel (1978) noted that the alternation between upwelling
activation and upwelling relaxation processes would be critical for the
development of phytoplankton blooms. On the other hand, Cury and
Roy (1989) and Bakun et al. (2015) determined the existence of an op-
timal range of upwelling thatwould bemodulating the primary produc-
tivity dynamic, where the intensity of favourable-upwelling winds
would be determining if nutrients can reach the euphotic layer to be
used by the phytoplanktonic community. This was one of the probable
causes of the decrease in the Chl-a concentrations as favourable-
upwelling winds became weaker. However, the lack of nutrient data
during the experiment, in addition to other factors (here also not ad-
dressed) such as changes in the phytoplankton community (e.g. Lee
et al., 2013), phytoplankton size (e.g. Montecino and Quiroz, 2000;
Shin et al., 2017), food-web dynamics (e.g. Armengol et al., 2019)
could have affected the Chl-a concentrations observed during the ex-
periment at Tongoy Bay. Also, biota consumption is an important factor
that determines Chl-a dynamics (see Thompson et al., 2012). Specifi-
cally for Tongoy Bay, Uribe et al. (2001) determined that A. purpuratus
culture supportsa high abundance and diversity of epibiont fauna
(e.g. barnacles, bryozoans and ascidians). These species are signifi-
cant filter feeders, and their abundance and feeding rates vary sea-
sonally, being higher during the summer season when temperature
increases (Uribe and Etchepare, 1998; Uribe et al., 2001; Soria
et al., 2007). Although, this could also contribute to the significant
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reduction in Chl-a concentrations during the summer season, here
was not evaluated the epibiont presence and variability during the
experiment.

Thought the analyses of the anomalies in temperature and DO, we
were able to estimate how upwelling intensity impacted the number,
duration and intensity of cooling and de-oxygenation events occurring
among the different experimental Periods and depths. The results
showed a high consistencywith the previously discussed; i.e. the inten-
sity and duration of the cooling and de-oxygenation events were pro-
portional to the magnitude and temporal variability of the Ekman
transport. Furthermore, the number of cooling and de-oxygenation
events recorded showed an inverse association with their duration
and intensity (i.e. a minor number of events, higher duration and inten-
sity). This would be suggesting that during spring 2017, when stronger
Ekman transport occurred, an overlapping of successive cooling and de-
oxygenation events took place in the Tongoy Bay. On the contrary, as
Ekman transportweakened, amajor number of eventswith lower dura-
tion and lower intensity was observed suggesting that upwelling and
non-upwelling conditions alternated (i.e. Period 2 and Period 3). This
pattern in the dynamic of the cooling and de-oxygenation events (num-
ber, duration and intensity)was consistent along thewater column (e.g.
higher number, intensity and duration of cooling and de-oxygenation
events at 22 m than at 9 m depth) supporting the previously discussed
about the role of the timing and intensity of favourable-upwelling
winds in the vertical mixing processes of Tongoy Bay. Besides, and al-
though DO dynamic in the water column showed a clear relationship
with the intensity of favourable-upwelling winds, changes in the Chl-a
concentration and the related oxygen consumption processes by phyto-
plankton could have also contributed to enhancing (or decrease) the in-
tensity and duration de-oxygenation events during the experiment (e.g.
Feng et al., 2014).

4.2. Effects of upwelling on A. purpuratus physiological performance

This major understanding of the upwelling impacts on Tongoy Bay
environmental conditions lets to a better comprehension of the physio-
logical performance of A. purpuratus in its habitat. Specifically, GRs
(gross and normalized by body size) were significantly different
among Periods, showing GGRs a steady increase along with the experi-
ment at both depths. However, to normalize GGRs by body size
(SGRs), an opposite tendency was observed which might be attributed
to changes in the energetic costs of maintenance (and/or reproduction)
that increase with size (and/or age) (Kooijman, 2000). Indeed, previous
studies in A. purpuratus show that sexualmaturity is achieved at sizes of
35 mm (Disalvo et al., 1984), which were reached during Period 2 at
both depths. The ontogenetic shift in the allocation of energy resources
from somatic to reproductive production is widespread among
iteroparous marine invertebrates (Bayne, 1993), such as scallop species
(see Thompson and MacDonald, 1991). Indeed, allocation principle in-
dicates that during early life stages (i.e. juveniles), somatic production
and calcification reach amaximum, and then duringmaturation process
growth and calcification become a decreasing function of age (Bricelj
and Krause, 1992).

Differences found in the environmental conditions in terms of tem-
perature, pH and DO along the water column during the experiment
can explain the significant differences in both, GGRs and SGRs at 9 m
and22mdepths. LowerGGRs and SGRswere observed at deeper depths
(22 m) for the three Periodswhere temperature, DO, and pH conditions
were always lower than at shallower depths (9 m). This agrees with a
recent laboratory experiment that observed how A. purpuratus juveniles
exposed to a combined decrease in temperature, DO and pH grew sig-
nificantly less (see Ramajo et al., 2019). However, food availability is a
crucial factor to consider when stressful environmental conditions are
present. A recent meta-analysis study (see Ramajo et al., 2016b) re-
vealed that the negative impacts of OA on growth and calcification are
reduced (or even null) if food is adequately supplied. This affirmation
was based on the premise that foodwould be providing the energy nec-
essary to maintain homeostasis by allowing the expression of multiple
and energetic-costly biologicalmechanisms that copewith acidic condi-
tions. Actually, Tongoy Bay showed important changes in the Chl-a con-
centration among the different Periods that might explain why higher
SGRs were maintained when more intense upwelling conditions were
present but higher Chl-a concentrations were observed. This also
could explain the SGRs steady reduction in the following Periods with
less stressful conditions but lower food availability, but also may have
in part responsible for the lower SGRs observed at 22 m depth where
Chl-a concentration was lower. Finally, the high MRs observed at the
end of the Period 1 supports the previously discussed in terms of food.
Ramajo et al. (2016a), also in A. purpuratus, observed at the laboratory
that higher GRs and MRs were supported by higher feeding rates,
which also showed high correspondence with the amount of food sup-
plied. Althoughwe did not perform feeding rate measurements, the ob-
served physiological responses; higher SGRs and increased MRs under
high food availability might explain the better physiological perfor-
mance of A. purpuratus under intensified upwelling conditions. Indeed,
the reduced SGRs and MRs on those scallops growing at higher depth
(22 m) where Chl-a was always lower, it would be supporting this
hypothesis.

Complementary to food availability, the historical environmental
variability towhich species are exposed in their in native habitats deter-
mines the sensitivity, and the performance of marine species to climate
stressors (Ramajo et al., 2016a, 2016c; Collier et al., 2019). Multiple
biological mechanisms switch on under lower pH conditions in corals,
bivalves, or foraminifers (see Hendriks et al., 2015), which has been at-
tributed to evolutionary processes (i.e. acclimatization, see Collier et al.,
2019). Indeed, Ramajo et al. (2019) determined that A. purpuratus pop-
ulation inhabiting at Tongoy Bay is highly adapted to the colder, acidic
and hypoxic conditions imposed by upwelling, as this species has
been constantly affected by these conditions. Specifically, metabolic
up-regulation has been described as a response to stress as low pH on
bivalve species such as mussels or scallops (Thomsen and Melzner,
2010; Lardies et al., 2014; Ramajo et al., 2016b, 2016c). This would be
evidencing that A. purpuratus can express biological mechanisms to
handle more intense upwelling conditions (i.e. Period 1). In addition,
multiple studies have observed that temperatures also produce a signif-
icant increase in the MRs, which could explain the high MRs recorded
during summer season (Period 3) (e.g. Aguirre-Velarde et al., 2016;
Lagos et al., 2016; Ramajo et al., 2016b, 2019)when pH and oxygen con-
ditions are more favourable.

4.3. Effects of upwelling on A. purpuratus shells

NCRs followed similar trends than SGRs, a sustained decrease from
spring to autumn (from Period 1 to Period 3). This suggests that as
A. purpuratus individuals grew, the amount of the shell deposited cal-
cium carbonate (CaCO3) was lower, indicating a thinning of the shell.
This is consistent with the observed in the scaling analysis where the
slope of the relationship between the shell weight and shell length
(i.e. increase in shell weight as the shell length increased) showed a
consistent decrease from Period 1 to Period 3. The lack of differences in
slopes between 9 m and 22 m depth during the Period 1 is coherent
with the previously discussed (major homogenization of the water col-
umn), while for Period 3 could be due to a mix of more favourable con-
ditions at both depths or similar Chl-a concentrations.

NCRs did not show differences between depths within the same Pe-
riod, which could indicate that calcification in A. purpuratus is more sen-
sitive to greater changes in the environmental conditions (i.e. Periods)
than those produced by depth. Several studies have determined that
calcification is significantly impacted by changes in pH (e.g. Kroeker
et al., 2013), temperature (e.g. Mancuso et al., 2019), salinity (Telesca
et al., 2019), and oxygen conditions (e.g. Wijgerde et al., 2014). Specific
studies performed on A. purpuratus have shown higher calcification
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rates under lower pH conditions (Lagos et al., 2016; Ramajo et al.,
2016b), or increasing temperatures (Aguirre-Velarde et al., 2016;
Lagos et al., 2016; Ramajo et al., 2019). However, when pH and temper-
ature were tested in combination with changes in the oxygen availabil-
ity (i.e. hypoxia), not significant differences were found (see Ramajo
et al., 2019). As it was discussed above, food availability (Chl-a concen-
tration) could be responsible of modulating the A. purpuratusNCRs dur-
ing our experiment. Indeed, calcification is an energetically-costly
process (Palmer, 1983, 1992; Waldbusser et al., 2013) that consumes
75% and 410% more energy than somatic growth and reproduction, re-
spectively (Paine, 1971). However, other processes, more than food
availability, such as acclimatization could be responsible NCRs observed
(discussed above).

NCRs represent the balance between shell gross calcification and
shell dissolution (i.e. net accumulation of CaCO3, organic matrix and in-
organic carbon) in a specificmoment (see Rodolfo-Metalpa et al., 2010).
Hence, the study of biomineralization processes by examining shell
properties such as the periostracum chemical composition, the amount
of the shell organic matrix, or the shell crystal orientation provide rele-
vant information about how the magnitude of changes observed in the
NCRs. Periostracum is a thin organic layer covering the shell surface
which is mainly composed of quinone-tanned sclerotized proteins and
chitin polysaccharides (Beedham, 1958). Its function is to protect
against shell dissolution (Tunnicliffe et al., 2009), but also acting as a
substrate for CaCO3 crystal nucleation (Checa et al., 2014; Harper
et al., 2009). In addition, shell organic matrix also plays an important
function to protect shell mineral dissolution, as inter- and intra-
crystalline organic matter envelops the CaCO3 crystals (Glover and
Kidwell, 1993; Waldbusser et al., 2011). Previous studies have shown
both structures, periostracum and shell organic matter, being seriously
affected by environmental conditions (Green et al., 2004; Telesca
et al., 2019; Grenier et al., 2020), which could, in turn, affect shell calci-
fication as these components mediate shell biomineralization processes
(Addadi and Weiner, 1992). In particular, a previous study on
A. purpuratus detected important changes in the periostracum organic
composition under different pH and food conditions (Ramajo et al.,
2016a). Ramajo and colleagues found a higher relative amount of poly-
saccharides under lower pH conditions and lower food supply treat-
ments, which was argued as a mechanism to increase the thickness of
the periostracum and avoid shell dissolution under acidic conditions.
In our study, the main organic compounds forming the A. purpuratus
shell periostracum (e.g. polysaccharides, lipids and proteins) showed
no consistent changes along with the experiment, but also did not dif-
fered at the different depths explored. Even though the periostracum
in A. purpuratus is a thin layer (b100 nm), there was very large variabil-
ity in the amount and composition of this protective organic coating
with polysaccharides components having the greatest contribution to
the total periostracum composition. This supports the idea that the
amount of these organic components determine the thickness of this
important organic layer (see Ramajo et al., 2016a).

On the other hand, unlike the periostracum, shell organic matter
(inter- and intra-crystalline) did respond differently to changing envi-
ronmental conditions during the different experimental Periods. Intra-
crystalline organic matter showed higher values during intensified up-
welling conditions, while intercrystalline organic matter was higher
during the summer season (intermediate upwelling conditions). Addi-
tionally, intercrystalline shell organic matter was higher at 9 m than at
22 m depth. It should be noted that organic shell matrix component
production is an energetically costly process (Harper et al., 2009)
which could be reduced under more stressful conditions. Actually, ob-
served changes in the periostracum or shell organic matter as a conse-
quence of environmental changes could impact the nucleation of
calcite crystals on the periostracum, and thus the CaCO3 precipitation
(Checa et al., 2014; Fitzer et al., 2012, 2014; Grenier et al., 2020). How-
ever, no changes in the crystal orientation of the A. purpuratus shells oc-
curred during the different experimental Periods and depths analyzed.
Moreover, all specimens showed a high degree of crystal orientation
(low FWHM values) (Grenier et al., 2020) indicating that the function-
ality of shell organic matrix and their capacity to induce oriented nucle-
ation of calcite crystals were not altered by environmental factors.
Nevertheless, as previously discussed, shell calcification rates were sig-
nificantly modified by the environment.

4.4. Fitness

A. purpuratus survivorship is highly linked to ecological processes
such as competition by food (Basilio et al., 1995; Uribe and Etchepare,
1998; Uribe et al., 2001), or predation (López et al., 2000). In addition,
A. purpuratus mortality is also size-dependent, being especially high at
early-stages (Tarazona et al., 2007) which could explain the high mor-
tality rates observed at the beginning of the experiment (Period 1),
and the steady decrease as experimental scallops get bigger. Also, envi-
ronmental changes such as changes in salinity (Uribe et al., 2003), tem-
peratures (e.g. Ramajo et al., 2019), or even the strength of the currents,
depth and turbidity can impact on A. purpuratus survivorship (see
Brand, 2006). As it was discussed above, counteracting with stressful
environmental conditions requires the expression of biological
mechanisms, which are energetic costly and favour the apparition of
physiological trade-offs (Stearns, 1989). A. purpuratus showed a high
physiological performance (e.g. higher growth rates and metabolic
rates, higher shell organic matter) when upwelling conditions were
more intense demonstrating its high tolerance and resistance to stress-
ful environmental conditions. However, also higher mortalities
emerged when longer and more intense upwelling events succeed,
that in combination with the size of the individuals (i.e. early stages
are more susceptible to environmental changes), could explain the fit-
ness changes of A. purpuratus during the experiment.

Indeed, the highest mortalities were observed during Period 1 (45%
of the total experimental scallops) when a higher physiological perfor-
mance was detected evidencing the existence of an important trade-
off between physiological performance and fitness. Thiswould be deter-
mining that (1) althoughA. purpuratus is highly acclimated to upwelling
conditions (see Ramajo et al. (2019)), this species is also very sensitive
to longer andmore intense upwelling conditions, (2) food availability is
an important factor to maintain high physiological performance and
avoid negative impacts on its fitness, and (3) a potential upwelling in-
tensification certainly will have important and harmful consequences
on the A. purpuratus aquaculture industry at Tongoy Bay.

Although our study might carry some limitations, many of them
representative of field experiments (e.g. difficulty to attribute effects
to a specific environmental driver), it complements the results previ-
ously obtained by laboratory experiments where multiple environ-
mental drivers of upwelling, as well as, their future environmental
projections were tested. Here, we visualize how A. purpuratus fitness
and physiological-biomineralogical performance are impacted by
changes in the upwelling intensity that occurs naturally in the habi-
tat where this species is cultured. In addition, here we also provided
evidence about which is the physiological tolerance of A. purpuratus
to upwelling variability which helps to make better projections
about how this important resource subjected aquaculture along the
Chilean and Peruvian coasts could be affected by a scenario of up-
welling intensification as GW increases. This information is highly
relevant due to the key role that upwelling areas have in the global
food security to endure the highest fisheries worldwide and suitable
areas for aquaculture (FAO, 2018; Froehlich et al., 2018).
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