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Abstract :

The response of Argopecten purpuratus (Peruvian scallop) to environmental conditions was studied in
the upwelling-influenced Bay of Paracas (Peru). Scallops growth and reproduction were monitored weekly
over a 7-month period under two conditions (culture depths): on the bottom and 2 m above (suspended
culture). At the same time, a high-frequency environmental monitoring was realized at the aforementioned
depths. The results indicate that environmental conditions in the Bay are highly variable, especially during
the summer: temperature fluctuations up to 8oC were recorded in less than one day while oxic conditions
ranged from oversaturation to anoxia. Milky-turquoise waters discoloration events (sulphide presence
suspected) were simultaneously observed together with anoxic conditions and sudden temperature drops.
Increased stratification and upwelling favorable winds during the summer might be partly responsible for
the observed environmental variability. Higher somatic and gonadal growth were observed in scallops
growing in suspended culture compare with bottom culture. This pattern might be related to different
environmental conditions at culture depth: turbidity was lower in suspended culture and hypoxic conditions
occurred only 18% of the whole study period versus 48% on the bottom. The Gonadosomatic index varied
according to an approx. 30-day cycle between winter and late spring and it was synchronous between the
different scallop size groups. During summer, when milky waters and anoxic events occurred frequently,
cessation of reproduction, somatic weight losses and increased scallop mortality were observed.
Exposure to severe hypoxia and related environmental conditions clearly affected scallop bioenergetics
and subsequently growth and reproduction. In addition, the occurrence of milky waters harmed the
survival of the Peruvian scallop in culture. These results are discussed in terms of management strategies
for sustainable scallop aquaculture in the Bay.
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Highlights

» High frequency environmental recording in Paracas bay (Peru) showed frequent and chronic hypoxic
conditions. » Exposure to severe hypoxia and related environmental conditions clearly affected scallop
bioenergetics and subsequently growth and reproduction. » Milky-turquoise waters events affect
negatively survival of Peruvian scallop

Keywords : Argopecten purpuratus, high frequency monitoring, coastal upwelling, hypoxic/anoxic
conditions, growth, reproduction, aquaculture, milky-turquoise water/aguas blancas



1. Introduction

Around the world, hypoxic events have a major impact on coastal resources with negative
consequences for human activities relying on them (Rabalais and Turner, 2001; Gray et al., 2002;
Levin et al., 2009; Zhang et al., 2010). In the Peruvian upwelling system, natural trophic
availability supports an important biomass of filter-feeding organisms (fish and invertebrates) that
include cultivated bivalves. This large amount of organic matter in the ecosystem is also the cause
of oxygen depletion because of degradation and remineralization processes. Consequently, the
oxygen minimum zone off Peru is not so deep (Paulmier and Ruiz-Pino, 2009) which impacts,
together with the high environmental variability, on the pelagic resources exploited throughout the
Peruvian upwelling system (Barber and Blake, 1983; Barber and Chavez, 1986; Niquen and
Bouchon, 2004). Although these impacts have been studied during at least the last six decades, for
nearshore zones the links between the upwelling dynamics and living resources inside Peruvian
coastal bays (< 20m depth) remain poorly known. In a global change context, an increased
exposition, both in intensity and frequency, of resources to environmental stressors including

hypoxia is expected (Crain et al., 2008). In addition, upwelling areas are considered vulnerable and



especially sensitive due to the ecosystem services (fishing and aquaculture) they provide (Bakun et
al., 2010; Belmadani et al., 2014). The case study of Paracas Bay can help understanding the
oceanographic dynamics that cause oxygen depletion and its consequences on aquaculture
activities. This may help delineating strategies for sustainable aquaculture.

Paracas Bay is a traditional scallop production area under the influence of one of the most
active upwelling zones of the Peruvian coast. In spite of productive advantages like relative greater
growth rates and higher gonadosomatic index (GSI) than elsewhere in Peru, scallop production in
Paracas Bay was historically affected by mass mortality events causing economic threat to local
producers. Environmental conditions associated to these events have rarely been described (see
Cabello et al., 2002). Nevertheless, oceanographic data reports available for the Pisco area
(including Paracas Bay) frequently show low oxygen concentrations < 1.0mg L ™, see Jacinto et
al., 19964, b; Guzman et al., 1997; Sanchez et al., 1997; Solis Acosta, 2000; Solis Acosta and Inca,
2000), which could limit scallop production. In Paracas Bay, evidences for high fluctuations of
environmental parameters (temperature, primary production and oxygen saturation) have been
shown in relation to El Nifio (Wolff, 1987, 1988). Sears (1954) also found strong temperature
variations independently of El Nifio and related it to local water heating due to the solar radiations.
More recently, high frequency monitoring under neutral (normal) ENSO conditions allowed
recording dramatic variations in temperature (Aguirre-Velarde et al., 2015, 2016) and dissolved
oxygen concentration (Aguirre-Velarde et al., 2016). Paracas Bay is also affected by the
occurrence of milky-turquoise water events, locally known as “aguas blancas”, that producers
related with increased scallop mortality. Elemental sulphur microgranules originating from
sulphide oxidation would cause these characteristic discolorations (Ohde et al., 2007). Such water
discolorations have also been described in Namibian (Weeks et al., 2002; Ohde et al., 2007) and
Chilean (Gallardo and Espinoza, 2008) coastal waters in relation with high hydrogen sulphide (
H,S) concentrations. Until now, there is no data available to validate this hypothesis for Paracas
Bay.

The growth (Tarazona et al., 2007; Thébault et al., 2008), reproduction (Illanes et al., 1985;
Wolff, 1988; Cantillanez et al., 2005; Avendafio et al., 2008) and more widely population
dynamics (Wolff, 1987; Mendo and Wolff, 2003; Cantillanez et al., 2007; Wolff et al., 2007) of the
Peruvian scallop in both Peru and Chile have been studied mainly in the context of environmental

variability related to ENSO. However, these warm events are sporadic while most production



campaigns were conducted under “normal” conditions, which have been rarely investigated. Daily
microgrowth studies have shown how environmental variability influences shell growth rates in A.
purpuratus (Thébault et al., 2008; Aguirre-Velarde et al., 2015), suggesting the importance of
improving our knowledge on the effect of environmental conditions on scallop productive
performance. The present study was carried out to characterize the environmental dynamics in
Paracas Bay at a fine temporal scale in order to better identify the variability encountered by the
scallops in cultivation and its productive consequences. The data obtained will help identifying the
particular environmental conditions that increase production risks (mass mortality and/or low
yields). This knowledge is essential to define a proper management according to of the
environmental cues and to ensure sustainability of the Peruvian scallop commercial farming in the
studied area. In addition, this work is a contribution to the understanding of the dynamics of

coastal bays in the context of the Peruvian upwelling and its impacts on benthic resources.

2 Material and methods

2.1. Scallops collection and experimental site

In late August 2012, two batches of 2500 wild scallops ranging between 60-70 mm (size group 1,
mean = 66.8 mm, 95% confidence interval: Cl = +0.97 mm) and 30-40 mm (size group 2, mean =
36.5mm, Cl = £1.2 mm) shell height were collected at Lagunillas Bay (7.3 km south of Paracas

Bay, Fig. 1). Scallops were immediately transferred at Paracas Bay and placed in a 5-m depth

aquaculture area with sandy-muddy bottom (13°49°35” S, 76° 17°43” W, Fig. 1; tidal range ~1
m). Individuals were acclimated on the bay’s bottom without any cage for 10 days before the
beginning of the experiment. A third batch of 1000 individuals ranging from 35 to 45 mm shell
height (size group 3, mean = 41.5 mm, Cl = +1.14 mm) was collected in late December 2012
following the same procedure. The absence of recruitment in Paracas Bay during the study period
explains the transfer of scallops from Lagunillas; this practice is frequently used by scallop

farmers in this area.

Figure 1: Map of the experimental site in Paracas Bay (Peru; 13°49°35” S, 76° 17°43” W). The
experimental site was located in a 5-m depth area dedicated to the commercial farming of

Argopecten purpuratus. Scallops used in the experiment were collected off Lagunillas.



2.2. Scallops culture set-up

After acclimatization, scallops of each batch were randomly placed in cylindrical cages made of
plastic-coated metallic frame and monofilament mesh (diameter = 50 cm, height = 20 cm, mesh
size = 30 mm) with a density of 30 individuals per cage (150 ind./m?). For each batch, scallops
were placed into two growing conditions: half of the cages (25 replicates for size groups 1 and 2,
and 9 replicates for size group 3) were placed on the sea bottom, in contact with the sediment, and
the other half were suspended in the water column at 2 m above the sediment. The experimental
setup is shown in Fig. 2. The cages were cleaned once a month to control biofouling development.
A weekly monitoring of these cultures was conducted during a 7-months period between August
28, 2012 and March 10, 2013. This period includes late winter (September), spring

(October-December) and summer (January-March) in the Southern hemisphere.

Figure 2: Schematic representation of the experimental set-up for scallop culture and
environmental monitoring installed at Paracas Bay showing: suspended and bottom cages for
scallop culture (respectively A and B), monitoring sensors (C), sediment traps (D), current meters

(E) and the frame supporting the equipments (F).

2.2.1. Growth and reproduction monitoring
At the beginning of the experiment and then weekly (£2 days), the scallops were sampled by
removing one cage in each size group and culture depth. Shell height of live scallops was measured
at the nearest mm using a caliper. After dissection, the wet weight of gonads and somatic soft
tissues was measured using a 0.01 g accuracy balance. For each sampled cage, average shell height
and somatic and gonadic wet weights with corresponding CI were calculated. A local polynomial
regression (Cleveland et al., 1992) was used to assess the temporal trends of height and weight
growth.

Reproduction (gametogenesis/spawning) was assessed in simple thought estimation of the
Gonadosomatic index (GSI). For each sample, GSI was calculated based on individual soft tissue

wet weights as:

VVVV onad
GSI = g -100
WW, . +WW,

g somatic



where WW

gonad

is the gonad wet weight and WW Is the somatic soft tissues wet weight.

omatic

Average GSI and confidence intervals of each sample were calculated.

2.3. Environmental monitoring

Seawater conditions were monitored at the same depths as scallop cultures: (1) bottom,
water-sediment interface and (2) Suspended, 2 m above the sea-floor in the water column. For this
purpose, data-loggers, probes and sampling equipments (Fig. 2) were fixed on a metallic frame
placed on the bottom (Fig. 2 F) or put directly on the sea-floor (Fig. 2 E, D).

2.3.1. Sea water physico-chemical and wind descriptors
Autonomous data-loggers set at both monitoring depths (Fig. 2 C) allowed recording temperature
(HOBO U22-001), salinity (HOBO U24-002-C) and oxygen saturation (RBR TDO) with an
hourly frequency. In order to ensure the quality of measurements, oxygen and salinity probes were
calibrated fortnightly. Current speed was estimated hourly using inclinometer current meters
(Marchant et al., 2014) equipped with a three axes inclinometer data-logger (HOBO UA-004-64)
placed at the two monitoring depths (Fig. 2 E). The calibration curve between current speed and
inclination was set-up into a hydraulic-test flume at the Fluid Mechanics Laboratory of the
Universidad Nacional Agraria La Molina (La Molina, Peru).

Since the circulation patterns in Paracas Bay are strongly influenced by the local winds

(Quispe-Sanchez, 2007), wind speed and direction data recorded at Pisco airport (13°44°42” S, 76

*13°13” W, at 11.3 Km NE of the study site) were examined. The positive meridional wind (v+)
was used as a proxy of the intensity of the upwelling-favourable wind.
Additionally, the occurrence an duration of milky-turquoise water discoloration events

(locally known as “aguas blancas”™) in Paracas Bay were recorded daily when visually observed.

2.3.2. Trophic resource descriptors

At each culture depth, trophic resource was characterized by monitoring various food proxies.
Phytoplanktonic cell determination and counting were realized weekly (+2 days) on 1-L water
samples collected at each depth using a horizontal Niskin bottle, and preserved in dark plastic

bottles with Lugol. In-situ chlorophyll-a and turbidity were estimated using fluorescence and



turbidity sensors (Trilux, Chelsea Technologies Group Ltd) fitted on autonomous digital data
loggers (Anticyclone Systems AntiLog). These sensor-logger assemblies were placed at each
monitoring depth for 48h every week (Fig. 2 C). During deployment, chlorophyll-a concentration
and turbidity were recorded every hour. Cylindrical sediment traps (collection area = 0.0081 m?,
length = 0.60 m) were deployed to estimate vertical fluxes of particulate matter (PM); one of the
traps was placed in the water column and the other one was plugged into the sea-floor so that the
trap apertures remained at the monitored depths (Fig. 2 D). The sedimented particulate matter was
recovered weekly from both traps. Particulate organic and inorganic matter (POM and PIM,
respectively) were quantified after drying (48h at 60°C) and calcining (3h at 500°C) the trapped
material. Weights were measured using a 10 -g precision analytical balance. Particulate organic
carbon and nitrogen (POC and PON, respectively) were quantified in aliquots of the captured
material using a C-H-N organic elemental analyser (FLASH 2000 from Thermo Scientific).
Vertical fluxes for all PM descriptors were calculated using the following equation:
W

VF, = —
A\rap -1

where, VF, (gormgm~ day ™) is the vertical flux of the PM descriptor x, W, (g or mg) is the

total weight of the PM descriptor x captured in the sediment trap, A, (m?) is the inlet area of

rap
the sediment trap and t (days) is the duration of trap deployment in the experimental area.
The C:N ratio (calculated as POC:PON) and PIM:PM ratio were computed from the

measured particulate matter descriptors.

2.4. Data analysis

2.4.1. Environmental variables

Hypoxic conditions. Continuous recording of oxygen saturation allowed computing the daily and
total monitoring cumulated hours during which the scallops were exposed to saturations lower
than their ability to regulate oxygen uptake, i.e. the oxygen critical point (P.O,), estimated to
24.4% (Aguirre-Velarde et al., 2016). These indices represent the daily and global exposition to

hypoxic conditions, respectively. A local polynomial regression (Cleveland et al., 1992) was used

to assess hypoxic conditions trends.



Stratification. The degree of water column mixing between the two culture depths was
characterized by a stratification index calculated according to Li (2002) as:

A

depth

where, A_ is the difference in seawater density between the two culture depths calculated from

temperature and salinity values using the IES80 equation and A, . =2m is the depth difference

depth

between the two culture conditions.

Statistics. The comparison of scallops mean heights and somatic weights between treatments
(culture depths) at the end of the monitoring was performed using a t-test after checking normality
(Shapiro test). Because of the non-normal distribution of environmental descriptors, differences
between seasons and the two culture conditions were tested using the non-parametric (Pairwise)
Wilcoxon test for each descriptor. Correlations between environmental descriptors were tested by

cross-correlation analysis allowing identify time-lag relationships between the variables.

2.4.2. Environmental influence on growth, reproduction and survival
Because biological sampling and environmental monitoring were performed at different times,
data were linearly interpolated when it was necessary to achieve regular step time-series.

The analysis of the influence of environmental conditions on growth was performed after
removing the ontogenic reduction of growth rate (Gulland and Hold, 1959) according to the
procedure described in Aguirre-Velarde et al. (2015). For this purpose, a weight-based von
Bertalanffy growth function (VBGF) was fitted to somatic growth records from size groups 1 and
2 of the bottom treatment (considered as a reference). Then, growth rates were calculated from
reference VBGF for each time step. Due to the strong environmental disturbances recorded during
summer (hypoxic conditions, see Fig. 3), the fits were performed with growth observations from
the winter-spring period (2012/08/28 and 2012/12/01). Observed somatic growth rate deviations (
Ecomn ) t0 VBGF expectations were computed for each culture condition according

Aguirre-Velarde et al. (2015) as:

———obs

— calc.bottom
EGrowth.t =GR _GRI

where, Eg . (@ d™) is the somatic growth rate deviation at time t; @fbs (g d') is the



interpolated average growth rate at time t;and GR™“™*" (gd™) is the predicted bottom growth
rate at time t (from VBGF).

Gonadosomatic index temporal trend (GSI-trend) was evaluated at each culture condition
using local regression models (Cleveland et al, 1992) in order to smooth the
gametogenesis-spawning cycles and detect variations in reproductive activity. GSlI-trend
deviations ( E., ) from a GSI reference (winter-spring average) were calculated.

A principal component analysis (PCA) was used to describe the relationships between
environmental descriptors (time dependence removed), as a function of culture condition, and the

observed growth ( E,,,,. ), reproduction ( Eg, ) and survival of the Peruvian scallop.

3. Results

3.1. Environmental dynamics

3.1.1. Physico-chemical conditions

Physico-chemical conditions of bottom seawater and 2m above were generally more stable
between late winter and late spring (from August to November, Fig. 3). During summer, important
and rapid environmental changes were observed in both bottom and suspended cultures. Although
the difference was low (< 0.8°C), temperature was significantly higher in suspended culture than

on the bottom (Wilcoxon test, p <0.001). The minimum and maximum temperatures recorded

were 13.8°C on the bottomand 25.0°C in suspended culture, respectively. Temperature (Fig. 3
c) exhibited a decreasing pattern at the beginning of the monitoring period (from late August to

November) and was highly variable during summer (from late December to March). During
summer, dramatic variations of temperature (upto ~10°C) occurred (Fig. 3 c) and were inversely
related to salinity variations (up to = 2). Highest temperature variation rate reached ~1'C per

hour. It is interesting to highlight that the lowest temperatures observed during summer were

similar to those found in winter-spring.

Figure 3: Environmental descriptors recorded in Paracas bay on the bottom and in suspended
culture: past seven-day moving average of upwelling favorable winds (a), salinity (b), temperature

(c), oxygen saturation (d) and stratification index (e). The arrows and vertical dashed lines indicate



the occurrence of milky-turquoise water discolorations in the bay.

In spite of the low average difference in temperature between bottom and suspended

cultures, strong stratification events lasting 3-4 days occurred during the summer: instantaneous
difference upto 8°C were recorded between the bottom and suspended cultures.

Median dissolved oxygen saturation (O_, ) was remarkably low at both culture depths:

sat

25.6% on the bottom and 39.4% in the suspended treatment (significant differences: Wilcoxon

test, p <0.001). At both depths, seasonal average O, was higher in winter (Pairwise Wilcoxon
test, p <0.001). A decreasing trend in O, was observed during spring, with significantly lower
average value in summer than in winter and spring (Pairwise Wilcoxon test, p <0.001). Between
December and March, strong variations of O, were observed at both depths, O, varying from

oversaturation to anoxia. During summer, regular events of severe hypoxia and anoxia were
observed at both depths although they were more marked on the bottom. The longest events (> 5
consecutive days) of severe hypoxia and anoxia were recorded between January and March on the
bottom, when low oxygen conditions coincided with low temperatures. February was the coldest
month during the 2013 summer season and it also presented the lowest oxygen saturations during

the monitoring period. In the bottom treatment, O, was more frequently below the PO, of A.

sat

purpuratus than in suspended culture. Over the whole monitoring period, bottom scallops were

exposed to O, below their PO, for 48% of the time; this proportion was only 18% for the

suspended scallops. In suspended culture, O, lower than 25% were observed only at

temperatures lower than 17.5°C, while these hypoxic conditions occurred at temperatures up to

20°C at the bottom. It should be noted that hypoxic/anoxic events were frequently concomitant
with abrupt decreases in temperature and frequently associated with the occurrence of
milky-turquoise water discolorations in the Bay. These discolorations were visually observed four
times during the summer of 2013 on Jan-03, Jan-28, Feb-07 and Mar-04 (Fig 3, turquoise arrows
and vertical dotted lines). The milky-turquoise water events lasted between 2 and 3 days starting
on the south-east side of the Bay and then expanding northwards especially in the afternoon when
the local wind increased.

Seasonal average of daily hours spent in hypoxic conditions was significantly lower in



winter (Pairwise Wilcoxon test, p <0.001) than in spring (increase trend) and summer (maximal

values). In suspended culture, a large number of consecutive days (> 10) with O_, above 24.4%

sat

(P.O,) was observed between late August and late October. An important increase in daily hours

spent in hypoxic conditions was observed in early October at the bottom, while this increase was
observed later (early November) in suspended culture. From late winter (December) to summer,
hypoxic conditions lasting for 24 hours were observed in both culture conditions although they
were more frequent at the bottom. During summer, up to four consecutive days under hypoxic
conditions were observed on the bottom while the maximum duration recorded in the suspended
treatment was two days. At both depths, most recurrent hypoxic conditions were observed in early
March.

Figure 4: Hypoxic conditions, daily counting of hours with oxygen saturation below Argopecten
purpuratus critical oxygen point for respiration (24.4% estimated in Aguirre-Velarde et al., 2016),
underwent by scallops on bottom and suspended cultures. Lines represent the trends of hypoxic

conditions estimated from a local linear regression for each culture

During all the monitoring period, median oxygen saturation exhibited clear daily cycles
(Fig. 5) with minimum oxygen saturation around 6:00 and maximum value around 15:00 at both

depths. On the bottom, hourly median oxygen saturation did not exceed the P.O, between 21:00

and 11:00, but it exceeded the P.O, the whole day long in suspended culture.

Figure 5: Hourly distribution of oxygen saturation registered on scallops bottom (a) and suspended
(b) cultures. The grey horizontal line represents the critical oxygen point for Argopecten
purpuratus (24.4%, Aguirre-Velarde et al., 2016)

The wind component v+ moving average tended to increase from winter 2012 to summer
2013 (Fig. 3 a). A relaxation period of v+ was observed on mid-December (late spring) while
higher mean wind speed values were recorded during summer .

Temperature, oxygen saturation and stratification time-series were inversely correlated (

p<0.05) to v+ (daily average) while a positive correlation (cross-correlation analysis,



p <0.05) was observed between salinity and v+ with a 1-day time-lag. In addition, oxygen
saturation was inversely correlated (CCF,_, =—0.42, p <0.05) to the stratification index while

hypoxic conditions were positively correlated (CCF,, =0.44 p <0.05), with a 5-day time-lag.

3.1.2. Trophic resource availability and quality

Phytoplankton cell concentration show an increasing trend during the monitoring period (Fig. 6 a)
but did not showed any significant difference between culture depths (Wilcoxon Test, p >0.05).
Maximum cell concentrations were observed between January and February at both depths,
reaching up to 8x10° cells L™ in suspended culture. By contrast, the minimum cell densities
were recorded in early September. Chlorophyll-a weekly averages were significantly higher near
bottom than in suspended culture during the summer period (Wilcoxon test, p <0.05), but the
average chlorophyll-a concentration over the whole monitoring period was significantly higher in
suspended culture than near bottom (Wilcoxon test, p <0.05). Vertical fluxes of POM and PON
were not significantly different between culture conditions (Kruskal-Wallis Test, p>0.05) and
remained relatively constant over the monitoring period. Only the POC flux was significantly
higher on the bottom compared to the suspended condition (Wilcoxon test, p <0.05). The C:N
ratio ranged from 4 to 9, while strong variations of the PIM:PTM ratio were observed (from 0.04 to
0.74) at both monitoring depths (Fig. 7). No significant differences of PM quality descriptors were
identified amongst culture conditions (Wilcoxon Test, p>0.05). At both culture depths,
turbidity was low at the beginning of the monitoring period and increased after mid-October.
Median turbidity was 2.6 times higher (Wilcoxon test, p<0.001) on the bottom than in
suspended culture (Fig. 7 a). A turbidity peak (ca. 10 NTU) was recorded on the bottom in late

spring.

Figure 6: Trophic descriptors recorded in Paracas Bay on the bottom (red lines) and in suspended
cultures (blue lines): cell density (a), 48-hour chlorophyll-a mean with 95% confidence intervals

(b), vertical fluxes of particulate organic Matter (c), Carbon (d) and Nitrogen (e).

Figure 7: Trophic resource quality descriptors recorded in Paracas Bay near bottom (red lines) and

in suspended culture (blue lines): 48-hour turbidity mean with 95% confidence intervals (a), C:N



ratio (b), and PIM:TPM ratio.

3.2. Scallop culture
3.2.1. Growth and reproduction

At the end of the monitoring period, scallop shell height and somatic weights were significantly
higher (t-test, p<0.001) in suspended culture than on the bottom for all size groups (Fig. 8).

During the whole monitoring, inter-individual variability of these variables within cages remained
relatively low. Shell growth in suspended cultures was quite regular while it stopped (size group 1)
or strongly decreased (size group 2) at the bottom from November-2012 to January 2013 (Fig. 8 a).
Somatic weight losses were observed (Fig. 8 b) in late spring (bottom; group 1) and summer
(bottom and suspended; groups 1 and 2). Scallops in group 1 were the most affected at both culture
depths with weight losses up to 25% in suspended culture compared to 20% on the bottom. At the
end of the monitoring period (early March), a recovery in somatic weights of size groups 1 and 2
was observed in suspended culture. In group 3, for which the monitoring begun in early summer,

somatic growth was not significant on the bottom after two months (t-test, p >0.05). In contrast,

somatic growth was observed in the suspended treatment of size group 3, although it ceased

between the last week of January and the third week of February.

Figure 8: Results of the growth and reproduction monitoring. Evolution of mean shell height (a)
and somatic wet weight (b) and gonado-somatic index (c) of the three size groups of scallops
cultured in bottom (red line) and suspended (blue line). The arrows and vertical dashed lines
indicate the occurrence of milky-turquoise water discolourations in Paracas bay. Bars indicate

95% confidence intervals.

Average Gonado-somatic indices (GSI) were significantly higher in suspended culture
(mean= 24.7%, max= 33.4%, min= 12.8%) than on the bottom. (mean= 18.2%, max= 27.3%,
min= 9.2%). Three marked GSI cycles were observed between late August and late November
(winter-spring) in size groups 1 and 2 in suspended culture (Fig. 8 c¢). In scallops reared on the
bottom, only two GSI cycles were observed between September and late October. These cycles,
synchronous between the scallop batches, had approximately a 28-30 day period. During summer,

after January, average GSI were significantly lower without distinguishable cycles in any scallop



batch. The GSI of scallops in suspended culture (no data for bottom culture) re-increased during
the last weeks of monitoring (March). In size group 3, only scallops in suspended culture showed a
significant increase in GSI in January, followed by a drop synchronous with other size groups. By
contrast, scallops reared on the bottom exhibited the lowest GSI values among all size groups
without any distinguishable cycle.

The somatic weight losses and reproductive cycle alteration (significant GSI decreases)

coincided with hypoxic/anoxic events and milky-turquoise water discolorations during summer.

3.2.2. Survival

An initial decrease of survival was observed during the first three weeks of the monitoring in
scallops groups 1 and 2 (Fig. 9 a and b). Then, survival stabilized until late spring when an
important mortality occurred in scallops from both conditions in size group 2. This mortality
event, concomitant with the first episode of “aguas blancas”, was also recorded for group 1
individuals grown on the bottom in contrast to group 1 individuals reared in suspended culture.
Scallops reared on the bottom were the most affected in terms of mortality related with the
occurrence of milky-turquoise water events: no survivors were found in cages on the bottom at the
end of the survey, whatever the scallop size group. In suspended culture, the highest survival rate
was found in size group 3 (100%; Fig. 9 c) followed by group 1 (77%) and finally by group 2 for

which the cumulative mortality exceeded 50%.

Figure 9: Survival of scallops size groups 1 (a), 2 (b), and 3 (c) in bottom and suspended cultures.
The arrows and vertical dashed lines indicate the occurrence of milky-turquoise water

discolourations in Paracas Bay.

3.3. Environmental impacts on scallop growth and reproduction

Table 1: Summary of differences/similarities in environmental descriptors between bottom and

suspended scallop culture conditions (Wilcoxon rank tested, H, : median, > median, ).
Significant ( p <0.05) higher median conditions are indicated with a plus sign (+). Highly
significant differences ( p <0.001) are indicated with grey background.



Culture condition

Environmental descriptor Suspended Bottom

Temperature +

. . Salinity i
Physico-chemical

Oxygen saturation +

Hypoxic conditions +

Cell density

Chlorophyll-a +

POM
Availability

PIM

POC +

Trophic resource
PON

Turbidity ¥

C:N
Quality

Chl:POC +

PIM:TPM

Results of Wilcoxon rank test (H,: median, > median,) for each environmental descriptor

indicating differences/similarities between bottom and suspended conditions are summarized in
table 1. The most significant differences between the two cultivation depths were caused by the
physico-chemical descriptors and turbidity. Although environmental conditions seemed more
homogeneous in trophic terms, the results showed a relatively higher concentration of
chlorophyll-a in suspended culture compared to higher POC concentration in bottom culture. In
order to summarize scallop growing conditions and identify environmental variables regulating
growth, only descriptors exhibiting a significant difference between depths ( p <0.05) were used
for PCA. The first and second principal components (Dim. 1 and 2) that explain 35% and 24.9% of
the variance, respectively, are plotted in Fig. 10. Globally, physicochemical variables have a
greater contribution to Dim. 1 and 2 than trophic variables. Although oxygen saturation makes an
important contribution to Dim 1 (-0.96), clear negative correlations can be distinguished between

hypoxic conditions, turbidity and milky-waters on one hand, and the response variables Eg,, .

E., and survival on another hand. A correlation of -0.81 between hypoxic conditions and Eg,




should be noted. Temperature and salinity are strongly correlated (-0.95); although their
contribution to Dim 2 is important (> 70%), bottom and suspended groups can be distinguished
more throughout Dim 1 than throughout Dim 2. In summary, the bottom group was mainly
associated with “unfavorable conditions” (hypoxia and turbidity strongly correlated: 0.79) while
the suspended one was linked to “favorable conditions” (oxygen saturation and temperature).

Figure 10: Principal component analysis performed on environmental characteristics of scallop
culture treatments. Biplot representing the two first principal components where variables are T:
temperature; Sat.0O2: oxygen saturation; Sal: salinity; Hypox: Hypoxic conditions; Turb: turbidity;
Chl: chlorophyll-a and POC: Particulate Organic Carbon. Bottom culture is more related to
hypoxic conditions and turbidity while suspended culture is associated with favorable oxygen

saturation conditions.

4. Discussion

4.1. Environmental variability

The upwelling-influenced Peruvian coast is both a highly productive and dynamic ecosystem
exhibiting remarkable temperature variations (Brink et al., 1983). The irregular alternation of
warm (El Nifio), neutral and cold (La Nifia) periods known as EI Nifio Southern Oscillation
(ENSO) causes an important environmental and oceanographic variability in this area. Although
offshore large-scale temperature variability and winds patterns related to ENSO conditions are
well documented (e.g. Burt et al., 1973; Pauly et al.,, 1989; Croquette, 2007), data on

oceanographic dynamics inside Peruvian coastal bays are scarce. In Paracas Bay, Wolff (1987,

1988) reported ~ 8-9°C temperature variations during the 1983-1984 EI Nifio and post-ENSO
events. The same pattern was observed in northern Chile (Rinconada Bay, Thébault et al., 2008;

Avendafio et al., 2017) which also supports a wind-driven upwelling system. Interestingly, this

study emphasizes that strong variations in temperature (up to 8°C) are frequently observed in
Paracas Bay even under ENSO conditions considered as normal (reports 2012-2013; NOAA,
2013). Similar temperature range variation has been previously reported by Aguirre-Velarde et al.
(2015) during a monitoring carried out between April and July 2007. The question of temperature

variability in Paracas Bay was first addressed by Sears (1954), who hypothesized that the high



temperatures were related to solar heating during a long upwelling relaxation period. High
frequency data in this study show positive and negative temperature variations within the range of
few hours suggesting that this variability is rather due to changes in water masses entering in the
Bay. The correlation of temperature variations with the v+ wind component, as well as with
other physico-chemical descriptors (salinity, dissolved oxygen and water column stratification),
supports this hypothesis and emphasizes the importance of local winds on the hydrodynamics of
this shallow bay. Although winds measured at the Pisco airport station might not be relevant at the
scale of the Peruvian upwelling system, the meridional (v+) component could drive a local cold
water vertical transport into the Bay. During summer, local southern wind is more intensive, while
the offshore trade winds decrease and temperature increases (Pauly et al., 1989; Croquette, 2007;
Gutiérrez et al., 2011). Local wind relaxation would allow the entrance of offshore warm water
masses into the Bay. During winter, an active offshore upwelling (Bakun and Mendelssohn, 1989)
would prompt more homogeneous conditions between the inshore and offshore areas thus
explaining the more stable conditions observed at that time. Decoupling of in-offshore winds was
already observed by Burt et al. (1973) on a daily scale but the inshore-offshore
interactions/dynamics have been poorly studied.

Naturally highly productive coastal ecosystems, such as upwelling zones, are often
characterized by low oxygen concentrations (e.g. Helly and Levin, 2004). This phenomenon is due
to oxygen consumption in deep waters associated with the decomposition of the abundant organic
matter originating from the superficial productive layer (Gewin, 2010; Zhang et al., 2010). The
chronic and severe hypoxic/anoxic events observed in Paracas Bay are likely to be related to the
local productivity-decomposition processes and the advection of oxygen-depleted deep water into
the Bay. The last assumption is supported by the fact that severe hypoxic/anoxic events occur

simultaneously with acute temperature decrease and salinity increase. Peruvian upwelled coastal

waters are characterized by temperature and salinity in the ranges 14-18C and 34.9-35.0,
respectively (Moron, 2000). As noted above, the wind probably drives hydrodynamics and
therefore triggers hypoxic events in the Bay. Although low dissolved oxygen saturation was
observed all along the monitoring period, the strongest hypoxic/anoxic events were observed in
summer. Their occurrence would be related to higher local southerly winds relaxation (v+)
associated with higher primary production (phytoplankton cell density) and increased water

column stratification. Such events might worsen the situation by limiting oxygenation of the



bottom-water layer within the Bay. Similar summer increases of coastal hypoxia have been
reported in Oregon (Gewin, 2010) and Benguela (Monteiro et al., 2008) upwelling systems.

In upwelling systems, the observation of milky-turquoise waters is generally associated
with the presence of elemental sulphur micro-particles in seawater (Weeks et al., 2002, 2004;
Ohde et al., 2007). These micro-particles originate from the oxidation of upwelled hydrogen

sulphide (H,S) produced in oxygen-depleted deep waters by anaerobic microbial metabolism
(Millero et al., 1987). Although we did not measure either H,S concentration or the presence of

colloidal sulphur in the water, we can hypothesize that the occurrence of milky-turquoise waters,
locally known as “aguas blancas” is due to this phenomenon. Indeed, water discolorations were

observed only in cold and anoxic waters that would originate from oxygen-depleted and H,S

-enriched upwelled deep water after a strong water column stratification. Such events have been
reported near Paracas Bay in 2009 (Schunck et al., 2013) and in the Hulmboldt (Arntz et al., 2006;
Gallardo and Espinoza, 2008) and Benguela (Weeks et al., 2004; Ohde et al., 2007; Bruchert et al.,
2009) upwelling systems. High productivity associated with higher stratification and likely greater
local vertical transport (wind-driven) would increase the probability of occurrence of these events
during summer. Sulphide toxicity was identified as the cause of mass mortality events in aquatic

populations (see the review of Bagarinao, 1992).

4.2. Impact of environmental forcing on bottom and suspended scallop cultures

Most of the environmental measured descriptors exhibited similar patterns between bottom and
suspended culture overall, except during strong summer stratification events. Nevertheless,
although the depth difference between culture conditions was small, absolute values of the
descriptors exhibited differences that might impact scallop bioenergetics. Apparently, the culture
conditions differed more in terms of physico-chemical variables than in terms of food availability
descriptors: oxic conditions and turbidity (both correlated) exhibited the strongest differences
between bottom and suspended culture. Although the latter also faced hypoxic events, severe and
continuous hypoxia was more pronounced at the bottom. These differences in exposure to
hypoxia, in terms of intensity and duration, might induce differences in scallop physiology and
energetics. Because high turbidity has been reported to affect bivalve pumping (Ellis et al., 2002)
and clearance rates (Loosanoff, 1962; Ellis et al., 2002), it can also be hypothesized that higher



turbidity the water-sediment interface might contribute to differences in scallop physiology and
energetics between culture depths.

During the whole monitoring period and in both treatments, food availability estimated
through Chl-a concentration was relatively abundant (compared to oligotrophic coastal
ecosystems) and may not be limiting in Paracas Bay, whatever the scallop culture depth. Average
chlorophyll-a concentration was higher in the suspended treatment than on the bottom however,
no difference was found in terms of cell concentration. This pattern might be explained by higher
irradiance leading to higher Chl-a cell content 2 m off the bottom, depth-related differences in
algal diversity, or more probably by an effect of fluorescence attenuation by turbidity levels near
bottom (information provided by the sensor manufacturer). Higher mean POC flux together with
higher turbidity in bottom water might be related to the deposition/resuspension of detritus and silt
particules as shown by the PIM:TPM ratio. Strong PIM variability would be driven by terrigenous
atmospheric inputs or resuspension due to strong wind events so-called “Paracas winds”.
Furthermore, the specific  microalgal composition (phytoplankton,  resuspended
microphytobenthos), the potential occurrence of macroalgal detritus at both culture depths and
other trophic descriptors such as the Chl-a:pheopigments ratio, the PIM:POM ratio, or the POC
concentration would have to be considered to conclude on food resources and potential
depth-related variations. In particular, the accumulation of PIM at the water-sediment interface
induces an increase of the PIM:POM ratio near the seabed (see similar results in Thouzeau et al.,
1991). Vahl (1980) and Wallace and Reinsnes (1985) have shown that such an increase inhibits
nutrition and growth in Chlamys islandica above a PIM:POM ratio value of 3.5-4. Similarly,
Thébault et al. (2008), under the assumption of daily shell growth rhythm, hypothesized that POC
concentration would be stressful above 2.5 mg L ™ for Argopecten purpuratus in the Rinconada

Bay.

4.3. Consequences of hypoxic conditions on A. purpuratus

In bivalves, growth variations have been often attributed to seston quantity and/or quality
(Thouzeau et al., 1991; Grant, 1996; Lodeiros et al., 1996; Chauvaud et al., 1998; Lodeiros, 2000;
Cantillanez et al., 2007; Hunauld et al., 2005; Lodeiros et al., 2011) to temperature and/or to the
synodic month cycle (see Thébault et al., 2008, for review). In the Rinconada Bay (Chile),

(Thébault et al., 2008) showed that water temperature, POC concentration and the lunar cycle (by



synchronizing an endogenous oscillator) would regulate A. purpuratus shell growth. In Pacaras
Bay, influenced by the nearby productive upwelling system, parameters such as oxic conditions
and turbidity would also play a major role in scallop growth regulation (see PCA results in Fig.
10). The negative effect of hypoxia on growth has been reported in several aquatic species (Wu,
2002). Oxygen availability is susceptible to control bivalve bio-energetics and subsequently
growth through various physiological/metabolic processes. Under hypoxic conditions, and beyond
the oxyregulation ability, energetic yield is reduced due to the use of less efficient anaerobic
pathways (Herreid, 1980; Portner and Grieshaber, 1993). Because metabolic costs of maintenance,
including all processes that allow homeostasis, are covered in priority (Kooijman, 2010), reducing
the energetic yield might impair allocation of energy to growth and reproduction. In addition, the
accumulation of metabolic endproducts from anaerobic pathways may also modify the energy
balance because of their toxicity (accumulation) and energy costs required for their elimination
(Herreid, 1980). This hypothesis is in accordance with our observations: growth rate deviations
were negatively related to hypoxic conditions. In addition, growth was lower on the bottom where
exposure to hypoxia was twice higher than in suspended culture. Hypoxic conditions increased
during summer in both treatments together with somatic weight loss, especially in large-sized
scallop groups. Although the Peruvian scallop exhibits a high regulation ability for oxygen uptake
(Aguirre-Velarde et al., 2016) and effective filtration and growth in oxygen-limiting conditions
(Aguirre-Velarde et al., 2018), severe and chronic exposure to might have important bioenergetics
implications if the energy available from assimilation for maintenance is insufficient. These
assumptions were confirmed by simulation of the energy budget of A. purpuratus through a DEB
model integrating the effect of hypoxia (see Aguirre-Velarde et al., 2019, , for details). Under such
condition, energy mobilization from somatic tissues could occur and might explain the decrease of
somatic weight observed in this study. However, in smaller size groups, for which oxygen
diffusion might be more efficient due to a higher surface to volume ratio, weight loss was not
observed. Surprisingly, shell growth (calcification) was maintained when weight loss was
observed, may due to the low energetic cost of shell formation (Palmer, 1992).

The synchronous Gonado-somatic index cycles (gametogenesis and spawning phases)
observed during winter and early spring appeared to have a monthly (close to 28 days) periodicity
in both culture conditions. This pattern might be related to environmental variability due to the
29.5-day cycle describing the synodic month (Barber and Blake, 2006; Thébault et al., 2008) or to



moon-related endogenous clocks (Takemura et al., 2010; Numata and Helm, 2015). In aquatic
environments showing low variability of photoperiod and water temperature such as in tropical
latitudes, moonlight intensity acts as a reliable zeitgeber that influences physiological activities
(Takemura et al., 2010). To our knowledge, there is no previous study investigating the influence
of the lunar phase on Peruvian scallop gametogenesis. Nevertheless, there are some reports of
reproductive activity apparently related to lunar cycles in the Pectinidae family (Amirthalingam,
1928; Tang, 1941; Mason, 1958; Sastry, 1979; Parsons et al., 1992; Barber and Blake, 2006). This
synchronism, observed during the first months of monitoring, was lost around November. The
significant increase of hypoxic conditions at the bottom between October and November, and in
both culture conditions during the summer, might have impacted scallop reproduction. As for
growth, negative effects of hypoxia on reproduction of aquatic organisms have already been
reported (Diaz and Rosenberg, 1995; Levin et al., 2009; Zhang et al., 2010; Kodama and
Horiguchi, 2011). Oxygen limitation may impair reproduction thus compromising the gonadal
development and GSI cycles. In addition, as for somatic weight decrease, the hypothesis of a
mobilization of reproductive tissues to cover the maintenance costs cannot be excluded. Similarly,
a reduction in energy allocation to reproduction has been documented in the gastropod Nassarius
festivus under decreasing oxygen concentration (Cheung et al., 2008). The strong relationship
found between oxic conditions and GSI variations in the present study would indicate that oxygen
availability does affect the reproductive capacity of A. purpuratus.

The mortality observed during the first month of the survey might be due to the initial
handling stress. During summer, when hypoxic/anoxic conditions became recurrent, scallop
survival decreased dramatically. Although A. purpuratus is tolerant to oxygen-limiting conditions,
prolonged and repeated exposures to severe hypoxia or anoxia may have negative consequences
on its survivorship as in other marine organisms (Wu, 2002; Levin et al.. 2009). In this regard,
lower survival of scallops cultivated on the bottom could result from the longer and higher

exposure to severe hypoxia/anoxia (below P,O,) compared with the suspended treatment. In

addition, since the hypoxia/anoxia events occurred together with milky-turquoise waters we
hypothesize that the combined effects of oxygen depletions and the presence of sulphide would
increase the negative effects on scallop energy balance and subsequently on growth, reproduction
and survival. Similar results were found by Vaquer-Sunyer and Duarte (2010), through a

meta-analysis for benthic communities. Sulphide toxicity lies on the inhibition of the respiratory



chain at the level of cytochrome c oxidase (Nicholls and Kim, 1982). In order to better understand
the consequences of the exposure to both stressors in the different life—stages further experiments
are needed to clarify the size dependence of the resulting physiological effects/damages. Although
the thermal tolerance limits of the Peruvian scallop were not reached (Urban, 1994), the high
temperature variability observed during the summer could induce an additional stress (inability to
acclimate) that increases the vulnerability of this species during hypoxic/anoxic events.

4.4. Implications for sustainable management of scallop aquaculture in Paracas
Bay

The occurrence of scallop mass mortality events in Paracas Bay due to environmental disturbances
currently threatens the profitability and even the durability of scallop aquaculture in the Bay
despite low initial operation costs and high economic value of the production. This study provides
a contribution to the understanding of the Bay environmental dynamics that can be directly applied
to the sustainable management of scallop culture. First, the dramatic impact of hypoxic conditions
and milky-turquoise waters on scallop survival during the summer and early autumn, lead us to
advise an annual production planning that avoids these periods as much as possible, as it would
decrease the probability of exposing cultures to adverse environmental conditions. Second,
because suspended culture allows better growth, GSI values and survival rate, the technical and
economic feasibility of off-bottom farming systems should be evaluated and suspended culture
should be implemented whenever possible. The combination of both management options could
help reducing the culture cycle duration, as well as the scallop mortality risk. In addition, the
reduction of mass mortality in bottom cultures would decrease the environmental impact of
aquaculture activities on the seabed and on the benthos of the Bay. Whether scallops in culture
could be transferred in other coastal areas during hypoxic/anoxic events and episodes of “aguas
blancas” should be also evaluated in terms of technical feasibility and production cost increase, in
order to reduce mortality risk. These management options will increase scallop production costs
and may not allow maintaining the economic profitability of aquaculture activities in the Bay. The
same conclusion was made by Kluger et al. (2019) for scallop aquaculture in Sechura Bay, but for
somewhat different reasons (lack of natural seed supply requiring scallop seed from hatcheries in
addition to ENSO-related mortality). The latter study and the present work highlight the need of

site-specific management strategies in Peru due to environmental specificity of the different



coastal areas. Finally, further studies are needed to estimate the carrying capacity of Paracas Bay
taking into account the seasonal variability in oxygen availability (limiting factor). Such an

estimation will also contribute to a better management of aquaculture activities in this area.

5. Conclusions

This study emphasized the important environmental variability that a coastal bay may be facing,
particularly in an upwelling system. Warm/cold and normoxic/hypoxic/anoxic conditions
alternated very rapidly in Paracas Bay highlighting the importance of high frequency monitoring
to better understand how coastal environmental dynamics influences the physiology of aquatic
organisms including cultured species such as the Peruvian scallop. The scallop aquaculture area in
Paracas Bay is exposed to chronic hypoxia and anoxic events frequently accompanied by
milky-turquoise waters (locally known as “aguas blancas”). The latter would result from the

presence of toxic H,S. The exposure to such conditions had negative effects on growth and

reproduction of Argopecten purpuratus . In addition, the anoxic events observed during the
summer greatly affected the survival of cultivated scallops, particularly in bottom culture.
Interestingly, the high productivity of the upwelling system is counterbalanced by low oxygen
availability overall and frequent severe hypoxia/anoxia conditions which threaten scallop
aquaculture activities in the Bay. Studying the oceanographic dynamics of the area at fine spatial
and temporal scales would be necessary to better understand and foresee the environmental
dynamics in the coastal bays. In addition, ex situ studies that allow isolating the effect of low
oxygen saturation on scallop physiology and metabolism would be useful to better understand the
patterns observed in the wild for growth, reproduction and survival. At the same time, a
multistressor approach for future experimental and modelling studies is recommended, because
hypoxia does not occur solely, as shown by our data. The results obtained in this study will help
characterizing hypoxia occurrence and impacts in productive environments such as
upwelling-influenced coastal areas, and defining future management practices for aquaculture

activities.
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Highlights

- High frequency environmental recording in Paracas bay (Peru) showed frequent and chronic
hypoxic conditions.

- Exposure to severe hypoxia and related environmental conditions clearly affected scallop
bioenergetics and subsequently growth and reproduction.

- Milky-turquoise waters events affect negatively survival of Peruvian scallop



Figures

Fig. 1. Map of the experimental site in Paracas Bay (Peru; 13049'35” S, 76017'43” W). The
experimental site was located in a 5-m depth area dedicated to the commercial farming of
Argopecten purpuratus. Scallops used in the experiment were collected off Lagunillas.
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Fig. 2. Schematic representation of the experimental set-up for scallop culture and
environmental monitoring installed at Paracas Bay showing: suspended and bottom cages for
scallop culture (respectively A and B), monitoring sensors (C), sediment traps (D), current

meters (E) and the frame supporting the equipments (F).
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Fig. 3. Environmental descriptors recorded in Paracas bay on the bottom and in suspended
culture: past seven-day moving average of upwelling favorable winds (a), salinity (b),
temperature (c), oxygen saturation (d) and stratification index (e). The arrows and vertical
dashed lines indicate the occurrence of milky-turquoise water discolorations in the bay. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 4. Hypoxic conditions, daily counting of hours with oxygen saturation below Argopecten
purpuratus critical oxygen point for respiration (24.4% estimated in Aguirre-Velarde et al.,
2016), underwent by scallops on bottom and suspended cultures. Lines represent the trends
of hypoxic conditions estimated from a local linear regression for each culture.
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Fig. 5. Hourly distribution of oxygen saturation registered on scallops bottom (a) and
suspended (b) cultures. The grey horizontal line represents the critical oxygen point for
Argopecten purpuratus (24.4%, Aguirre-Velarde et al., 2016).
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Fig. 6. Trophic descriptors recorded in Paracas Bay on the bottom (red lines) and in suspended
cultures (blue lines): cell density (a), 48-h chlorophyll-a mean with 95% confidence intervals
(b), vertical fluxes of particulate organic Matter (c), Carbon (d) and Nitrogen (e). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 7. Trophic resource quality descriptors recorded in Paracas Bay near bottom (red lines)
and in suspended culture (blue lines): 48-h turbidity mean with 95% confidence intervals (a),
C:N ratio (b), and PIM:TPM ratio. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 8. Results of the growth and reproduction monitoring. Evolution of mean shell height (a)
and somatic wet weight (b) and gonado-somatic index (c) of the three size groups of scallops
cultured in bottom (red line) and suspended (blue line). The arrows and vertical dashed lines
indicate the occurrence of milky-turquoise water discolourations in Paracas bay. Bars indicate
95% confidence intervals. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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Fig. 9. Survival of scallops size groups 1 (a), 2 (b), and 3 (c) in bottom and suspended cultures.
The arrows and vertical dashed lines indicate the occurrence of milky-turquoise water
discolourations in Paracas Bay. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 10. Principal component analysis performed on environmental characteristics of scallop
culture treatments. Biplot representing the two first principal components where variables are
T: temperature; Sat.02: oxygen saturation; Sal: salinity; Hypox: Hypoxic conditions; Turb:
turbidity; Chl: chlorophyll-a and POC: Particulate Organic Carbon. Bottom culture is more
related to hypoxic conditions and turbidity while suspended culture is associated with favorable

oxygen saturation conditions.
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