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RESUMEN

Los sistemas de surgencia de borde oriental (EBUS) son regiones marinas del océano
mundial de importancia ecoldgica y econdémica. En estos sistemas, el zooplancton desempefia
un papel clave en la transferencia de energia en las tramas troficas. Estudios recientes
muestran que el calentamiento global est4 provocando una desoxigenacion gradual de los
océanos del mundo, mientras que en EBUS una expansion vertical de la zona minima de
oxigeno subsuperficial (OMZ) lo que exacerba ain mas las condiciones hipdxicas para el
zooplancton que habita en la zona de surgencia costera. La hipoxia puede afectar al
zooplancton al alterar sus tasas metabdlicas, migracion, reproduccion y desarrollo. Sin
embargo, estos efectos dependen de algunas adaptaciones especificas de los organismos que
han evolucionado en hébitats, permanente o episdédicamente, sujetos a aguas con poco

oxigeno.

En el capitulo 1 se analiz0 las respuestas diferenciales en las tasas metabdlicas de tres
especies de copépodos, Calanoides patagoniensis, Paracalanus cf. indicus y Acartia tonsa
expuestos a condiciones experimentales de hipoxia. Estas condiciones de bajo oxigeno,
fueron asociadas a dos periodos del afio: surgencia activa (primavera-verano) y no surgencia
(otofio-invierno). Los resultados muestran que Calanoides patagoniensis duplicé su tasa
metabolica durante la temporada de surgencia, indicando que aprovecha mejor la floracion
de fitoplancton de primavera-verano para alimentarse y reproducirse, manteniendo su presién
parcial de oxigeno critica sin cambios entre estaciones. Por el contrario, Paracalanus cf.
indicus y Acartia tonsa, mantuvieron sus tasas metabdlicas a lo largo de las estaciones, pero

aumentaron significativamente su presion parcial critica de oxigeno durante el periodo de



surgencia activa, volviéndose menos tolerantes a la hipoxia en primavera-verano. Al
contrastar estos hallazgos con observaciones de series de tiempo, podemos ver que los niveles
de oxigeno igual o inferior a la presion parcial critica de oxigeno es una condicién comdn
(aproximadamente el 70% de la probabilidad de ocurrencia) para los copépodos durante un
ciclo anual mientras habitan la capa superior de los 50 m. Estos resultados sugieren la
existencia de un balance dependiente de la especie entre la tasa metabolica y la presion parcial
critica de oxigeno. Estas respuestas adaptativas dependientes de las especies, sugieren que la
hipoxia exacerbada, impulsada por la desoxigenacién del océano y el aumento de la
surgencia, conducira a un cambio en la distribucion vertical de los copépodos como
consecuencia de una compresion del habitat, y aumentando su mortalidad, con consecuencias

potencialmente dréasticas para las tramas tréficas marinas.

En el capitulo 2 se realizé una sintesis bibliografica de las respuestas adaptativas del
zooplancton para resistir a la hipoxia leve o grave y el eventual estrés oxidativo derivado de
condiciones de oxigeno altamente fluctuantes, en sistemas de surgencia de borde oriental
(EBUS). Estudios recientes dan cuenta de una expansion vertical de la zona de minimo
oxigeno junto con una intensificacion de la surgencia costera impulsada por el viento,
exacerbando las condiciones hipdxicas para el zooplancton que habita la zona de surgencia
costera. La presencia 0 ausencia de respuestas adaptativas puede desempefiar un papel crucial
en la dindmica del zooplancton en EBUS con importantes consecuencias para su red

alimentaria y su productividad biolégica.



ABSTRACT

Eastern boundary upwelling systems (EBUS) are marine regions of the global ocean
of ecological and economical importance. In these systems, zooplankton play a key role in
the energy transfer through the food webs. Recent studies show that global warming is
causing a gradual deoxygenation of the world's oceans, while in EBUS a vertical expansion
of the subsurface oxygen minimum zone (OMZ) which further exacerbates hypoxic
conditions for zooplankton living in the coastal upwelling zone. Hypoxia can affect
zooplankton by altering their metabolic rates, migration, reproduction and development.
However, these effects depend on some specific adaptations of organisms that have evolved

in habitats, permanently or episodically, subjected to low-oxygen waters.

In chapter 1, the differential responses in the metabolic rates of three species of
copepods, Calanoides patagoniensis, Paracalanus cf. indicus and Acartia tonsa exposed to
hypoxic experimental conditions area assessed. These low oxygen conditions were
associated with two periods of the year: active upwelling (spring-summer) and non-
upwelling (autumn-winter). The results show that Calanoides patagoniensis doubled its
metabolic rate during the upwelling season, indicating that it better takes advantage of the
spring-summer phytoplankton bloom to feed and reproduce, maintaining its critical oxygen
partial pressure unchanged between seasons. On the contrary, Paracalanus cf. indicus and
Acartia tonsa, maintained their metabolic rates throughout the seasons, but significantly
increased their critical partial pressure of oxygen during the period of active upwelling,
becoming less tolerant to hypoxia in spring-summer. By contrasting these findings with time

series observations, we found that oxygen levels equal to or less than the critical partial



pressure of oxygen is a common condition (approximately 70% probability of occurrence)
for copepods during an annual cycle, while they inhabit the upper layer of 50 m. These results
suggest the existence of a species-dependent balance between metabolic rate and critical
oxygen partial pressure. These species-dependent adaptive responses, under oxygen levels <
the critical partial pressure of oxygen, suggest that exacerbated hypoxia, driven by ocean
deoxygenation and increased upwelling, will lead to a change in the vertical distribution of
copepods, as a consequence of habitat compression, and increasing their mortality, with

potentially drastic consequences for marine food webs.

In chapter 2, a bibliographic synthesis of the adaptive responses of zooplankton to
resist mild or severe hypoxia and the eventual oxidative stress derived from highly fluctuating
oxygen conditions, in eastern edge upwelling systems (EBUS), was carried out. EBUS
systems are of great ecological and economic importance, where zooplankton plays a
fundamental role in carbon transfer in food webs. Recent studies show a vertical expansion
of the oxygen minimum zone along with an intensification of wind-driven coastal upwelling
as a result of climate change, further exacerbating hypoxic conditions for zooplankton
inhabiting the coastal upwelling zone. The presence or absence of adaptive responses may
play a crucial role in zooplankton dynamics in EBUS with important consequences for its

food web and biological productivity.



1. INTRODUCTION

1.1 OCEAN DEOXYGENATION

Ocean deoxygenation is one of the primary marine environmental issues related to
climate change (Keeling et al. 2010). Observational data have suggested that deoxygenation
has occurred in most global oceans over the past decades (Helm et al. 2011; Schmidtko et al.
2017). In addition, ocean models predict a decline in the dissolved oxygen inventory of the
global ocean of one to seven per cent by the year 2100 (Fig 1.), caused by a combination of
a warming-induced decline in oxygen solubility and reduced ventilation of the deep ocean

(Gong et al. 2021; Bopp et al. 2013; Froelicher et al. 2009; Oschlies et al. 2008).

Oxygen decline in ocean models is linked to warming-induced declines in oxygen
solubility, and reduced ventilation of deeper waters from enhanced upper-ocean stratification
(Keeling et al. 2010; Long et al. 2016). Changes detected over the past few decades have

been attributed in part to these factors, but with additional complexities.

In time series, long-term oxygen trends are superimposed with variations at
interannual to multi-decadal timescales consistent with natural climate variability, including
thermal and wind forcing changes from the North Atlantic Oscillation (NAO) in the Atlantic
Ocean (Stendardo et al. 2016), the Southern Annular Mode (SAM) in the Southern Ocean,
or the El Nifo/Southern Oscillation (ENSO) and the Pacific Decadal Oscillation (PDO)
(Deutsch et al. 2011). In the low-latitude, oxygen decline is attributed to a shoaling of the
tropical and subtropical thermocline depth (Deutsch et al. 2011). For other regions,
explanations include warming-induced changes in gases solubility, wind forcing and large-

scale ocean circulation.
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Figure 1: Global dissolved oxygen changes (mmol m—3 per year) from 1920 to 2100 under
the RCP8.5 scenario. The linear trends of oceanic oxygen changes are estimated in the (a)
epipelagic, (b) mesopelagic, and (c) bathypelagic zones. The blue and red color of color

represent the deoxygenation and oxygenation, respectively (Gong et al. 2021)

Many oceanic regions exhibit a loss of oxygen surpassing 4% per decade in isolated
areas near oxygen minimum zone (OMZ) (Schmidtko et al. 2017). The largest decrease, 373
+ 165 Tmol, is found in the tropical and North Pacific Ocean. Both areas already have low

oxygen concentrations below the thermocline. The largest absolute losses of oxygen, up to



30 mol m—2 per decade, are found in the Equatorial and North Pacific Ocean, the Southern

Ocean and the South Atlantic Ocean (Schmidtko et al. 2017).

In the open ocean the oxygen inventory has decreased (0.5-3%) and the OMZs are
expanding. The dynamics of Oz in the ocean is governed by both physical, biogeochemical
and biological processes (Fig. 2). The ocean gains Oz in the upper layer (0-100 m) due to
photosynthesis and dissolution from the atmosphere in undersaturated waters near the
surface. Conversely, O is lost due to the diffusion of O to the atmosphere in over-saturated
surface waters, and from the respiration of aerobic organisms and oxidation of chemical
species in the water column and sediments. In fact, in the coastal ocean, O, deficient zones
are mostly in the benthic boundary layer where the O consumption by respiration outpaces

the O supply by ventilation and bottom photosynthesis (Pitcher et al. 2021).

The surface mixed layer is well oxygenated in most of the ocean, but below the sunlit
surface layer, there is no photosynthesis and, the renewal of the oxygen consumed requires a
physical mechanism that transports relatively well-oxygenated waters to regions of lower
oxygen. This mechanism, called ocean ventilation, is responsible for the oxygenation of the
ocean interior and modifies the distribution of oxygen within the ocean. The distribution of
oxygen in the ocean interior thus offers information on physical and biogeochemical

mechanisms in the ocean.
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Figure 2: Processes affecting the O, dynamics in the ocean and mechanisms of oxygen

minimum zones (OMZs) formation (Paulmier 2017).

In some regions where the renewal of oxygen by physical transport is low, the oxygen
concentration can reach levels that are too low to support the survival of many aerobically
respiring organisms. Organisms that are found in these areas can exhibit reduced growth and
reproduction and, in extreme cases and for non-mobile species, experience low-O2 induced
mortality (Levin et al. 2009). In the open ocean, OMZs are mainly found in the Eastern
boundary upwelling systems (EBUS). In these OMZs, the degradation of the organic material
sinking from the surface takes place through denitrification leading to a consumption of fixed
nitrogen and production of N2 and potentially N2O. Observational analysis and model results
indicate that OMZs have expanded during recent decades (Stramma et al. 2012; Schmidtko

etal. 2017).



1.2 DEOXIGENATION IN EASTERN BOUNDARY UPWELLING SYSTEMS

Eastern Boundary Upwelling Systems (EBUS) are biologically productive marine
regions of the world ocean covering only about 1% of the ocean surface area, although they
are widely recognized as very important for the world’s fisheries (Pauly & Christensen.
1995). The high productivity of these systems results from the ocean-atmosphere interaction,
modulated by equatorward winds in combination with the Coriolis force, and so inducing
wind-driven coastal upwelling near the coast (Strub et al. 1998). This advective process
causes the ascent of deeper, cold, and nutrient-rich waters with high CO2 concentrations, low
pH, and low dissolved oxygen concentrations into the coastal photic zone (Huyer 1983), thus
promoting new primary production (Fig. 3). In EBUS, the key underlying physical process
is forced by the cross-shore atmospheric pressure gradients leading to alongshore,

equatorward winds that drive coastal upwelling (Garcia-Reyes et al. 2015).

During the twentieth century, global ocean temperatures have increased and are
expected to continue to increase with global warming (Stocker et al. 2013). However, it is
known that in EBUS, sea surface temperatures in the coastal zone are exhibiting negative
trends compared to other coastal regions at similar latitudes, due to increasing wind-driven
upwelling (Bakun et al. 2010; Xiu et al. 2018). Therefore, trends in coastal temperature in
EBUS are expected to differ substantially with regional and global patterns of global
warming. With the surface heating of the sea and the increase in stratification of the water
column, a reduction in the ventilation of deep-water masses is also foreseen (Oschlies 2019).
As these water masses continue to be forced to the surface by the upwelling process, a future
decrease in oxygen concentration and pH and an increase in nutrient concentration have been

projected (Xiu et al. 2018). Persistent changes in pH or oxygen can have important



repercussions in the biotic environment, such as the displacement of suitable habitats

(Grantham et al. 2004; Breitburg et al. 2018).
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Figure 3: Schematic view of thermocline ventilation patterns with, as an example, a focus
on the eastern subtropical North Pacific OMZ. The wind-stress curl in the subtropics drives
subduction of oxygenated waters that, via ocean interior circulation or western boundary
currents, reaches biotically productive upwelling regions at the eastern boundary. High
oxygen demand, together with weak oxygen supply due to sluggish circulation, results in the
occurrence of an OMZ. The inset shows processes particularly relevant to OMZs connected

to eastern boundary upwelling (Oschlies 2018)



The decrease in oxygen concentration, which is evident in many areas of the ocean,
becomes more critical in regions with oxygen minimum zones (OMZ). These OMZ’s are
defined by their extremely low oxygen concentrations (<20-45 umol kg ), covering large
areas of the ocean and associated with very productive coastal and oceanic regions (Gilly et
al. 2018). An expansion of OMZs is thus suggested and it is related to a shoaling of its upper
boundary (and descent of the lower boundary), increasing the volume in a given area. In some
cases, the minimum oxygen concentrations in the OMZ cores have also decreased,
intensifying the OMZ (Chan et al. 2008; Stramma et al. 2008). Oxygen plays a key role in
the structuring and functioning of marine ecosystems and it may control the spatial-temporal
distribution of many marine organisms, because low oxygen levels, considered as hypoxic,
can be harmful for most of the biota. The effects of a decrease in oxygen can affect organisms
in many ways, including acute physiological impairment, changes in growth and
reproductive success, and altered behavior of mobile forms searching for more favorable
oxygen regimes (Stramma et al. 2010). At the ecosystem level, the tolerances to low oxygen
of several species to a changing environment will result in a differential success among
species, and consequently alterations in community structure and trophic webs, inducing
changes in the predator-prey dynamics and changes in the abundance and accessibility of
commercial species. While many of the species will be negatively affected by these effects,
others more tolerant to hypoxia may expand their range of distribution or exploit new niches

(Stramma et al. 2010; Breitburg et al. 2018).

The adaptation of animals to low oxygen is triggered by a strong selective pressure to
maintain aerobic metabolism by optimizing and enhancing oxygen uptake from hypoxic

water (Childress & Seibel 1998). The physiological adaptations that permit occupation of the



OMZ have been studied in some species. For example, one of the mechanisms for the
incursion of organisms in the OMZ during daytime migration is the metabolic suppression,
which is an adaptive response of cells to minimize damage caused by oxidative stress (Seibel
2011). However, little is known on the molecular changes taking place upon these
adaptations. At the molecular level, plankton responses to changes in oxygen levels are not
known nor understood. For instance, the generation of reactive oxygen species (ROS) that
can increase under hypoxia has been described as causing harmful effects on proteins, lipids
and DNA, such that if the ROS levels exceed the cell defense systems, as an antioxidant to
maintain a redox balance, the fate of the cell with irreversible lesions can be death

(Kowaltowski et al. 2009).

Given the high variability in physical-chemical parameters of the water column,
planktonic organisms need to regulate their physiology to ensure survival. All the changes in
the physiology of organisms are a result of gene expression that allows them to cope with
these variations. In this context, the present thesis proposes to establish a relationship
between the level of expression of genes coding for certain antioxidant enzymes, the
concentration of dissolved oxygen and the critical exposure time to carry out the expression
of genes. All these processed as required to ensure the survival of planktonic copepods

inhabiting the OMZ in coastal upwelling areas of the eastern South Pacific off Chile.



1.3 IMPACT OF HYPOXIA IN ZOOPLANKTON

Oxygen is essential for organisms with aerobic metabolism. For all of them, lack of
oxygen is highly deleterious. The ability of an organism to tolerate environmental stress is
directly related to its ability to maintain an internally balanced physiological state (i.e.

homeostasis) to counteract stressor-induced physiological perturbations.

Oxygen loss in subsurface waters of the world’s oceans is now recognized as a critical
environmental and ecological issue associated with ongoing climate change. In OMZs, are
projected to expand in intensity and extent, based on recent data and models (Stramma et al.
2008; Keeling et al. 2010). Zooplankton are critical components of midwater food webs and
biogeochemical cycles, serving as a major trophic link between primary producers
(phytoplankton) and larger animals, including marine mammals and commercially important
fishes and squids. Their feeding, defecation, respiration, and vertical migration in the water
column affect the vertical transport of carbon and particles to depth as part of the biological
pump (Robinson et al. 2010; Steinberg et al. 2017). Zooplankton distributions, diel vertical
migration, and ecological functions are strongly affected by the vertical oxygen gradients of
the OMZ (Wishner et al. 2018, 2013). Vertical oxygen gradients in the OMZ strongly affect
zooplankton distributions, daily vertical migration, and ecological functions (Wishner et al.
2013). For example, it has been observed that there are subsurface maxima of zooplankton
biomass, certain abundances of species and trophic activities that are associated with the
upper and lower edges of the OMZ (Wishner et al. 2018) (Fig. 4). The depth, abundance, and
composition of these unique communities in the water column and thus their effects on food

webs and particle fluxes vary with the thickness of the OMZ.



Many animals living in the OMZ also have unique physiological adaptations for
tolerating extreme hypoxia and maintaining metabolic function at very low oxygen
concentrations (Childress et al. 1998; Seibel et al. 2016). However, species that occur in the
most pronounced OMZs appear to be living at oxygen levels lower than previously measured
tolerance and must be near their physiological limits (Seibel 2011). Thus, small changes in
oxygen concentration may have important consequences for mesopelagic and deep-sea

communities.
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Figure 4: Zooplankton abundances, biomass, and oxygen. For oxygen (top row), purple
shading indicates low oxygen (<5 uM, 0.11 mL/L), and gray shading indicates high oxygen
(>8 UM, 0.18 mL/L). For copepods (second row), Pleuromamma abdominalis is shown for
shallower tows and Lucicutia hulsemannae is shown for the deep tow. The next rows show

total euphausiids, the fish Cyclothone spp., and zooplankton biomass. All graphed taxa show
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significant abundance differences between samples in high versus low oxygen categories,

except 800m euphausiids and 800-m total biomass (Wishner et al. 2018).

Impacts of hypoxia on the structure and processes in pelagic communities has been
review by Ekau et al. (2010) (Table 1). Some organism show a tolerance to hypoxia, example
small crustacean such as copepods and euphausiids can tolerate much lower dissolved
oxygen levels than larger zooplankton such as scyphozoans and ctenophores. In most cases,
hypoxia negatively affects egg production (Sedlacek & Marcus 2005), survival (Roman et
al. 1993; Auel & Verheye 2007), and egg hatching (Lutz et al. 1994). Therefore, hypoxia can

be a selective force for zooplankton.

In the work of Marcus (2011), she shows an indirect evidence of hypoxia adaptation
in that zooplankton from OMZs are less sensitive to hypoxia than zooplankton from coastal
waters, where hypoxia is more seasonal. Moreover, crustaceans inhabiting the OMZ have
evolved a variety of physiological adaptations to enhance oxygen uptake: enhanced ventilator
capability, large gill surfaces, short diffusion distances, and respiratory proteins with very
high oxygen affinity (Childress & Seibel 1998). However, the strategy of zooplankton
inhabiting the OMZ appears to be a combination of short-term anaerobic metabolism coupled
with vertical migration into well-oxygenated zones to repay the oxygen debt generated while

in the OMZ (Marcus 2011).
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Table 1: Tolerance to hypoxia in pelagic communities. Arrows in column 6 indicate the

direction of impact when oxygen drops below the critical value (Extracted by Ekau et al.

(2010)).

Group Species Respiration rate Anoxia tolerance  Critical values  Impact Source
pumolOsg 1l b mLO,L 1
% saturation

Scypho-/Hydrozoa 0.18-0.78 Rutherford and Thuesen, 2005
Hydrozoa Muggiaea ailantica 3% Occurrence | Rutherford and Thuesen, 2005
Hydrozoa Euphysa flammea <2 19% Occurrence | Rutherford and Thuesen, 2005
Hydrozoa Aegquorea victoria =10 Rutherford and Thuesen, 2005
Scyphozoa Aurelia aurita Feeding 1 Shoji et al.. 2005a
Ctenoph M psis leidyi Occurrence | Keister et al, 2000
Ctenophora Growth | Grove and Breitburg. 2005
Crustacea Themisto gaudichaudi 3.93 Respiration g_l Dw Auel and Ekau. 2009
Crustacea Copepods and evphausiids =0.1 Avoidance Sameoto et al., 1987
Copepoda Acartia tonsa 0.04-0.08 Egg development | Invidia et al.. 2004
Copepoda Acartia tonsa 007 Hatching | Luotzetal 1994
Crustacea zooplankton 02 Abundance | Battger-Schmack. 1996
Crustacea spp. juveniles 0.5-08 LCsg Miller et al., 2002
Cladocera Moina micrura 0.3-06 Swunming 1, Filtering |  Svetlichny and Hubareva, 2002
Crustacea spp. larvae 11-26 LCsq Miller et al . 2002
Crustacea Oratosquilla orateria 278 Survival Kodama et al_, 2006
Copepoda Acartia tonsa 20-32 days Eges Invidia et al.. 2004
Copepoda Acartia bifilosa 10 months Eggs Katajisto, 2004
Cephalopoda spp. 0388 2-12% pelagic spp Seibel etal.. 1997
Cephalopoda Dosidicus gigas 14 hypoxic condition Foosa and Serbel, 2008
Cephalopoda Dosidicus gigas 7.0 normoxic condition Fosa and Serbel, 2008
Cephalopoda Gonatus onyx 03 Occurrence |, adults Hunt and Seibel, 2000
Cephalopoda Gonatus onyx 1 Occurrence |, juveniles Hunt and Seibel, 2000
Cephalopoda 14 Occurrence | Rabalais et al., 2001
Cephalopoda Lodig pealei 21 Catch | Howell and Simpson, 1994
Cephalopoda Lolige vulgaris 3 Spawning Roberts, 2005
Cephalopoda 3 Avoidance Foberts and Saver. 1994
Cephalopoda 19% Hunt and Seibel, 2000
Cephalopoda Lolliguncula brevis 41-49% Onset anaerobic metabol  Zielinskdi et al., 2000
Pisces Pogonophryne scotti 091 at—1°C Saint-Paul et al., 1988
Pisces Gadus morhua 1.1-24 5-15°C Schurmann and Steffensen, 1997
Pisces Ammodytes tobianus 216 Behrens and Steffensen, 2007
Pisces Gobius cobitis 1.27-3.62 at 12.5-25°C Berschik et al., 1987
Pisces Sardinops sagax 431 Lowest swimming resp. van der Lingen. 1995
Pisces Sarda chiliensis 7.81 Sepulveda et al.. 2003
Pisces Katsuwonus pelamis 163 Gooding et al., 1981
Pisces Sprattus spratius Distribution Kaardvedt et al., 2009
Pisces Gobiodon, Paragobiodon 3% Occurrence, at night Nilsson et al., 2007a
Pisces Trachurus capensis 10% A Kunzmann, personal

commmunication, 2008
Pisces spp. juveniles 04-11 LCsp Miller et al_, 2002
Pisces Fundulus grandis 1 Gonad size | Landry et al., 2007
Pisces spp. larvae 1-1.7 LCsg Miller et al., 2002
Pisces Gadus morhua 21% LCsq Plante et al., 1998
Pisces Pseudopleuronectes amevicanus <14 Growth | Bejda etal 1992
Pisces Cynoscion regalis 14 Distribution Tyler et al., 2007
Pisces Gobiosoma bose 14 Distribution Keister et al, 2000
Pisces Anchea mitchilli eggs 14 Distribution MacGregor and Houde, 1996
Pisces spp. Abundance/catch | Dethlefsen and Westernhagen, 1983
Pisces spp. N Abundance Burleson et al.. 2001
Pisces Menidia beryllina <21 Avoidance Welizien et al.. 1999
Pisces Clupea harengus 10-25% School disruption Domenici et al., 2000
Pisces Gobiosoma bose <135 Larval mortality 1 Breitburg, 1094
Pisces Anchoa spp. 1.75 Distribution Taylor et al, 2007
Pisces Gadus morhua 16.5-30% Temperature dependance  Schurmann and Steffensen. 1997
Pisces Gadus morhua 2 Vertical larval distrib. | Gronkjaer and Wieland, 1997
Pisces Anchoa mitchelli =21 Larval mortality 1 Breitburg, 1994
Pisces Electrophorus electricus 21-28 Avoidance Crampton, 1998
Pisces spp. 2-29 Abundance/catch t Howell and Simpson, 1994
Pisces Acipenser transmontanus 50% Activity | Crocker and Cech, 1997
Pisces Sardinops sagax 23533 Vertical larval distrib. | Ekau and Verheye, 2005
Pisces Engraulis capensis 253 Vertical larval distrib. | Ekau and Verheye, 2005
Pisces Clupea harengus 50% Hatching length | Braum, 1973
Pisces Katsuwonus pelamis 335 Distribution Barkley et al.. 1978
Pisces Gadus morhua 0% Abundance Chabot and Claireaux, 2008
Picces Gadus morhua Growth | Chabot and Claireaux, 2008
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In nature, many animals survive long periods under oxygen deprivation that cause
stress. Increasing in duration of environmental stressors leads to elevated costs of the basal
maintenance of an organism reflected in an increased basal metabolic rate and in elevated
energy demands to physiological mechanisms and energy costs to the cellular stress
protection and damage repair (Breitburg et al. 2018). Under such condition, some
physiological and ecological processes have been studied, and several mechanisms have been

suggested.

1.4 ZOOPLANKTON MECHANISMS TO DEAL WITH HYPOXIA

Some organisms to inhabiting the OMZ, have evolved a variety of physiological
adaptations to enhance oxygen uptake: enhanced ventilatory capability, large gill surfaces,
short diffusion distances, and respiratory proteins with very high oxygen affinity (Childress
& Seibel 1998). In other cases, ontogenic vertical zonation in the OMZ is shown that
correlates to physiological (low oxygen tolerance) and ecological (predation and food
availability) constraints (Wishner et al. 2000), thus hypoxia can be a selective force for

zooplankton.

1.4.1 ECOLOGICAL EFFECTS

1.4.1.1 VERTICAL DISTRIBUTION

Oxygen minimum zones have an important impact on the vertical distribution and

migratory patterns of pelagic organisms (Saltzman & Wishner 1997; Wishner et al. 2008).

Some species are virtually excluded from the OMZ, while others are able to stay or cross it
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(Herring et al. 1998; Gonzalez & Quifiones. 2002). Most zooplankton taxa show minimum
abundances in the core of the OMZ, with higher abundances at the lower OMZ interface
(Auel & Verheye 2007; Wishner et al. 1995). A local maximum in zooplankton abundance
or biomass at the lower OMZ interface seems to be a unique feature of OMZ regions.
Different species-specific tolerances to hypoxic conditions influence zooplankton
community composition in areas affected by OMZ (Saltzman & Wishner 1997). Zooplankton
abundance and biomass have been studied to decrease dramatically when oxygen
concentration drops below 0.2 mL O, L (Longhurst 1967; Saltzman and Wishner 1997).
Deep-sea oceanic species are observed to avoid the OMZ, while only a few species of
copepods and euphausiids are regularly found within the OMZ (Fig. 5). Often, individuals
found in the core of the OMZ are early stages of species with ontogenetic or daily vertical
migrations (Longhurst 1967). Most euphausiids and some copepods avoid the core of the
OMZ with less than 0.1 mL O, L' (Sameoto et al. 1987; Saltzman & Wishner 1997).
Increasing abundances of copepods and euphausiids below the OMZ indicate that the OMZ

acts as a barrier for some species, although specifically adapted.

The evolution of hypoxia-driven zooplankton habitat selection could be related to the
seasonality of coastal hypoxia. It appears that in coastal waters the adaptation costs of
anaerobic metabolism are high for zooplankton, and adaptation is behavioral rather than
physiological. Roman et al. (1993) studied the effect of severe summer hypoxia on the bottom
waters of the Chesapeake Bay. During most of this period, copepods are not found in bottom
waters, they migrate to surface waters, where oxygen conditions are favorable to develop
their vital functions. In contrast, during episodic mixing events, when hypoxia relaxes,

maximum copepod abundance often occurs in bottom waters. The degree of adaptation to
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hypoxic conditions will then be mediated by the duration of the hypoxic episodes, therefore
in conditions of sporadic hypoxia it is unlikely that avoidance behavior will persist in the

long term (Dam 2013).
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Figure 5: Daily vertical migration of dominant species of zooplankton in and out of the main

OMZ core (shaded area) (Escribano et al. 2009)

An increase in hypoxic conditions and the expansion of the OMZ could lead to
cascading effects on benthic and pelagic ecosystems, including habitat compression and
community reorganization (Bograd et al. 2008). Mesopelagic organisms such as crustaceans
and myctophid fishes that live in the upper boundary region of the OMZ or perform diel
vertical migrations to feed in the surface layer at night may be strongly affected (Childress

& Seibel 1998), with consequent impacts on their epipelagic prey.
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1.4.1.2 REPRODUCTION

Studies on the effects of hypoxia on the reproduction of some crustaceans have
focused on egg production, hatching success, and copepod viability. Invidia et al. (2004)
performed experiments of short exposure to hypoxia and reoxygenation in copepod A. tonsa
eggs. The results showed inactivity in the eggs, but there was no effect on egg viability and
subsequent growth and survival after reoxygenation. However, prolonged exposure times

(>15 days) caused significant decreases in hatching and strong reduction in life expectancy.

In Acartia bifilosa, a copepod species abundant in the Baltic Sea, low oxygen
concentrations <0.17 mL O, L induced dormancy in eggs. Anoxic conditions prevented the
eggs from hatching, but they survived these conditions for 10 to 12 months, depending on
temperature. After 10 months of being subjected to anoxic conditions under a temperature of
4°C, approximately 40% of the eggs hatched when returned to normoxic conditions
(Katajisto 2004). Since copepod recruitment from benthic eggs is prevented during anoxic
events, the duration, area and timing of anoxic events, as well as the specific tolerance of
eggs to low oxygen concentrations, will affect the dynamics of the copepod population and
the composition of the zooplankton community in general. (Roman et al. 1993). Conversely,
temporarily anoxic conditions could even protect benthic eggs and resting stages from

predation (McQuoid et al. 2002; Katajisto 2004).
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1.4.1.3 BODY SIZE

Lower oxygen availability may favor organism with better oxygen uptake capacity,
which could relate to both cell size and body size. For example, smaller cell size in smaller
copepods within a given species and stage may lead to an increased capacity, because oxygen
needs to be transported across the cell membrane to the mitochondria; and for smaller cells
there is greater surface area and shorter diffusion distances (Verberk et al. 2021). Smaller
body size also translates into a greater surface area-to-volume ratio to favor more efficient
oxygen transport. Allometric models have used to predict environmental effects on copepod

metabolism and their impact on community structure and function (Ward et al. 2012).

1.4.2 PHISIOLOGICAL EFFECTS

1.4.2.1 ANAEROBIC METABOLISM

The ability of certain zooplankton species to cross or even live in oxygen minimum
zones is apparently linked to the presence and activity of enzymes of the anaerobic
metabolism. Enzymatic analysis in some dominant zooplankton species reveal a strong
activity of both aerobic and anaerobic (LDH) metabolic components within the OMZ
(Escribano 2006). In a comparative study on the specific lactic dehydrogenase (LDH) activity
in Euphausia mucronata and Calanus chilensis from the Humboldt Current upwelling
system, the specific LDH activity in E. mucronata was two orders of magnitude higher than
that of C. chilensis, consistent with E. mucronata ability to conduct daily vertical migrations
through the oxygen minimum zone, whereas C. chilensis is restricted to oxygenated waters

above the OMZ (Gonzalez & Quifiones 2002).
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1.4.2.2 DEPRESSED METABOLIC RATE

A primary mechanism facilitating the tolerance to low oxygen in species inhabiting
de OMZ, is an ability to dramatically reduce energy expenditure during daytime forays into
low oxygen waters. One well-known survival mechanism is the depression of the metabolic
rate, in association with lower rates of ATP production via fermentative pathways. The ability
to slow down many energy-consuming pathways is a key strategy for survival. This includes
reduction of key metabolic enzymes activities via post-translational modifications, or via
decreased transcription and/or translation. Changes in enzymes expression, transcription

factors, and micro-RNAs participate in such responses (Moreira et al. 2016).

In the OMZ regions, oxygen concentrations drop within intermediate water depths to
a threshold level beyond which further adaptation for oxygen provision appears constrained
(Seibel 2011). Below this ‘adaptation threshold’, vertical migrators often reduce their oxygen
consumption rates by 40-80% (Maas et al. 2012; Seibel et al. 2014; Elder & Seibel 2015;
Svetlichny et al. 2000; Kiko et al. 2015; Auel et al. 2005). Such a strategy limits the
consumption, and excretion of carbon and nutrients by vertical migrators while at depth in

pronounced OMZs, thereby impacting biogeochemical cycling in OMZs.

Based on metabolism and hypoxia tolerance experiments, Seibel et al. (2016),
evaluated the effects of hypoxia on migrant euphausids from the Eastern Tropical Pacific,
Euphausia eximia and Nematoscelis gracilis, capable of tolerating a partial pressure of
oxygen of 0.8 kPa for at least 12 h without mortality. In contrast, the California Current
species, Nematoscelis difficilis, is unable to survive a partial pressure of 2.4 kPa for more

than 3 h. In tolerant species, metabolic suppression during daily depth migrations reduces
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the metabolic expenditure of these species and decreases their contribution to the vertical

flux of carbon and nitrogen (biological pump) by an equivalent amount.

To predict the biological response to changing oxygen levels it is necessary to identify
the oxygen thresholds critical (Pcrit) for organism survival and performance, recognizing
interspecific variation in oxygen tolerance and the capacity of organisms to adjust oxygen

provision and demand to compensate for oxygen limitation.

Critical Oxygen Pressure (Pcrit) can be defined as the pO> at which the rate of oxygen
consumption (metabolic rate) is no longer independent of pO, (Fig. 1.6). Pcrit can also be
defined as the pO2 beyond which anaerobic metabolic end products (e.g., lactate) accumulate
and which can indicate the degree of adaptation of an organism to hypoxic conditions (Seibel
et al. 2016). Pcrit describes the lower oxygen limit to an organism's ability to make
physiological adjustments that regulate its metabolic rate at a constant level independent of
the ambient pO, (oxyregulation) (Fig. 6). Possible adjustments include increased heart rate,
enhanced gill surface area (Mitrovic et al. 2009), increased blood pigment levels, adjustment
of enzyme systems, and elevated rates of ventilation. Some of these adjustments are triggered
by hypoxia-mediated upregulation of gene expression patterns (Fliick et al. 2007) while
others are regulated physiologically. By contrast, animals whose metabolic rate drops with
declining pO: are termed ‘oxyconformers’. Practically, oxyconformation merely describes
the metabolic response of organisms to oxygen levels below their Pcrit. This is because there
must always be an upper limit to metabolism beyond which additional O2 will have no

influence.
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Figure 6: The plotted curve shows an oxyregulator organism, where the oxygen consumption
rate is unaffected by the changes in oxygen tension (pO2 > Pcrit). This oxygen consumption
rate can be decreases with decreasing environmental oxygen tension (pO2 < Pgit) In

oxyconformers organisms (Rogers et al. 2016).

In their work, Connett et al. (1990) provided a framework for understanding the
influence of pO2 on metabolic rate and the need for anaerobic metabolism and metabolic
suppression (Fig. 7). In their model they proposed the need to actively regulate metabolism
(physiological adjustments) as pO> decreases, this measured by the total energy demand
(ATP), as well as the critical pO. of a species. As energy demand increases, Pcrit also
increases and anaerobic metabolism may be required to contribute to the total flow of ATP.
Some adjustments include increased heart rate, enhanced gill surface area, increased blood

pigment levels and elevated ventilation.
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Figure 7: Total energy (ATP) demand is influenced by seawater oxygen partial pressure
(pO2) below critical values. The solid blue line represents the effect of increasing ATP
demand on the critical oxygen partial pressure at a basal rate of metabolism (Pcrit). The Perit
is indicated by the horizontal line. The white region indicates that anaerobic metabolism
contributes to maintain total ATP flux. In the gray region anaerobic metabolism is
insufficient to maintain ATP flux. Metabolism must be suppressed below that point to avoid
impaired function. As pO> approaches Pcrit, respiratory adjustments may be made to maintain

the rate of oxygen provision to sites of consumption (Connett et al. 1990).

1.4.2.3 PREPARATION TO OXYDATIVE STRESS (POS)

In the early 1990s, it was established that decreased blood circulation and the passage
of fluid in the mammalian organs elicited intense formation of radical oxygen species (ROS)
during the recirculation of oxygenated blood. There was evidence that increased formation

of ROS during the re-oxygenation is one of the key factors involved in cell damage under
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these conditions. Organisms must therefore produce antioxidant enzymes to prevent cell

damage.

Many studies have reported that exposure to anoxia or hypoxia can induce gene
expression for antioxidant enzymes. In conditions where the animals are exposed to hypoxia
and then re-oxygenated, the enhancement of antioxidant defenses is regarded as an important
adaptation to cope with these conditions, and as a mechanism of preparation for battling
oxidative stress (POS). However, not all animals respond to oxygen restriction by increasing
expression of endogenous antioxidants, thus the process of POS is not a universal adaptive
mechanism to fight-back the stress produced under low oxygenation, although POS is present
in a large number of species evolved under the selective pressure of low oxygen stress

(Gyraud et al. 2019).

1.4.2.4 ANTIOXIDANT DEFENSE

Molecular oxygen (O2) is the primer biological electron acceptor that serves vital
roles in fundamental cell functions. However, it is also the precursor of ROS formation. ROS
are produced from the molecules of oxygen as a result of normal cellular metabolism. These
ROS can be divided into 2 groups: free radicals and non-radicals. Molecules containing one
or more unpaired electrons and thus giving reactivity to the molecule are called free radicals.
When 2 free radicals share their unpaired electrons, non-radical forms are created. The 3
major ROS of physiological significance are superoxide anion (Oz".), hydroxyl radical (*OH),
and hydrogen peroxide (H20) (Guérin et al. 2001). Linked to the presence of these radicals,

a defense mechanism is the synthesis of antioxidant molecules capable of neutralizing the
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oxidative action of these free radicals. When the balance between antioxidants and ROS
becomes disrupted, because of either depletion of antioxidants or accumulation of ROS,
oxidative stress occurs (Birben et al. 2012). The term oxidative stress is thus related to a state
of respiratory imbalance in which animals cannot maintain a constant tissue oxygenation and,
instead, undergo rapid changes between over-oxygenation and hyper-oxygenation (Tremblay
et al. 2010). The mechanisms of cellular protection against ROS include several antioxidant
enzymes and non-enzymatic proteins, such as Superoxide dismutase (SOD), Catalase (CAT),
Peroxidases, Glutation S-transferase (GST) and metallothionein (MT), among other, where
their participation becomes relevant in ROS detoxification processes in organisms subjected

to oxidative stress.

Variation in oxygen levels in the marine environment ranges from normoxia to
hypoxia and causes diverse environments where planktonic copepods and other crustaceans
live. Because of changes in the levels of oxygen available in the aquatic environment, the
generation of reactive oxygen species (ROS) has been extensively studied (Welker et al.
2013). When animals are re-oxygenated after hypoxic exposure, ROS formation occurs,
which, if not neutralized by the body's antioxidant defenses, this may cause oxidative damage
and eventually cellular disorder and death. Tremblay et al. (2010) showed that krill species
adapted to hypoxia have a sufficiently high antioxidant protection whereas less adapted
species suffered a strong oxidative stress measurable as lipid peroxidation. Thus, antioxidants

play an important role in neutralizing the oxidative action of free radicals.

Higher production of ROS in the body may change DNA structure, result in
modification of proteins and lipids, and activation of several stress-induced transcription

factors (Birben et al. 2012). DNA modifications which involves degradation of bases, single-
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or double stranded DNA breaks, purine, pyrimidine or sugar-bound modifications, mutations,
deletions or translocations, and cross-linking with proteins. Most of these DNA
modifications are highly relevant for carcinogenesis, aging, and neurodegenerative,

cardiovascular, and autoimmune diseases (Birben et al. 2012).

2. HYPOTHESES AND SPECIFIC GOALS

2.1 GENERAL GOAL

This thesis aims at enhancing our understanding on how processes that promote
hypoxic conditions in the water column can affect the physiology of planktonic organisms

and their responses in coastal upwelling systems.

2.2 HYPOTHESES

Considering the antecedents described above and within the context of intensification
of hypoxia, associated with the presence of a shallow oxygen minimum zone in upwelling

systems, the following working hypotheses are proposed:

H1: In coastal upwelling zones, the exposure of epipelagic copepods to hypoxia, upon
presence of a shallow and intense oxygen minimum zone, can induce species-dependent

metabolic responses.

H2: Species-dependent metabolic responses of epipelagic copepods to upwelling-induced

hypoxia are associated with the seasonal cycle of upwelling.
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2.3. SPECIFIC GOALS

1) Evaluate the existence of metabolic adaptations in dominant planktonic copepods to cope
with hypoxic conditions in the water column caused by presence of a shallow oxygen

minimum zone.

2) Understanding the role that upwelling variation over a seasonal scale can have in

modulating the metabolic responses to hypoxia in planktonic copepods.

3) Assessing the presence of antioxidant response to oxidative stress in planktonic copepods

subjected to short-term variation in hypoxic conditions induced by upwelling variability.

3. MATERIAL AND METHODS
3.1STUDY AREA

The Humboldt Current Systems (HCS) is a highly productive and large marine
ecosystem (Fig. 8). In this ecosystem off the coast of Chile there are two major upwelling
regions controlled by the tropical South Pacific anticyclone, with seasonality of the winds
defined by the displacement of their center between 27°S in summer and 32°S in winter (Strub
etal. 1998; Blanco et al. 2001; Schneider et al. 2016), where high rates of primary production
have been estimated (> 10 g C m d!) (Montero et al. 2007). In the central zone, upwelling
events are predominantly seasonal, prevailing during the austral spring-summer (Sobarzo et
al. 2007). The high seasonal primary production observed in the central zone supports
important microzooplankton, mesozooplankton and ichthyoplankton communities (Morales
etal. 2007; Landaeta et al. 2008; Escribano et al. 2016), which can reach their highest growth

rates in spring- summer (Anabalon et al. 2007). The area off Concepcion (36° S) corresponds
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to the widest section of the continental shelf along the south-central HCS (Sobarzo &
Djurfeldt 2004), characterized by south-westerly (SW) winds prevailing in spring-summer
(September-March) (Sobarzo et al. 2007). The latter favor the presence of strong seasonal
coastal upwelling events that intensify during spring-summer (Strub et al. 1998; Sobarzo et
al. 2007). The highest primary production rates reported for this region were observed in
October when winds favorable to upwelling intensify (Daneri et al. 2000; Montero et al.

2007).

100°'W 90°W 80°wW 70°W 60°W

Figure 8: Map illustrating Surface ocean currents in the eastern South Pacific along the
Chilean coast, northward: the Humboldt Current and southward, the Cape Horn Current, and

the subsurface and intermediate water masses (modified Merino et al. 2018)
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3.2. OCEANOGRAPHIC DATA

To interpret the experimental results in relation to environmental oxygen conditions,
in this work the oceanographic time series that has been carried out since 2002 at Station 18
(Fig. 9) was used, located at 36°. 30'S and 73°08' W at 90 m depth on the continental shelf
off Concepcidn. In this time series, hydrographic measurements were obtained with a
SeaBird-SBE-25 CTD, along with water samples at 9 depths (0-80 m), to parameters such
as oxygen concentration, temperature and salinity and biological measurements, such as
chlorophyll-a and zooplankton biomass (Escribano et al. 2012). In our study, we used time
series data from 2002 through 2016 data to assess intra-seasonal, seasonal and interannual
variability in oxygen and temperature throughout the water column (Sobarzo et al. 2007) to

evaluate the hypoxic conditions to which copepods are exposed.

The time series data were complemented with additional monthly samplings at St.
18 carried out by ZEUS project, with a SeaBird-19 plus CTD equipped with an oxygen
sensor for the period July 2019 and March 2020. No data were available for the period

between April 2016 and July 2019.
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Figure 9: Map illustrating the sampling area (red box) in Coliumo Bay. Additionally, the

offshore stations corresponding to the ZEUS series sampling are shown.

3.3. BIOLOGICAL SAMPLING

The zooplankton samples were collected during 2021 (Table 2), from the upper layer
of the water column (approximately 50 m) using vertical trawls. A WP2 plankton net was
used with a mesh size of 200 microns and 0.5 m opening diameter, equipped with a 2 L non-
filtering cod. Once the sample was collected, it was placed in a cooler and diluted with water
of sea and taken to a cold chamber where it was maintained at a controlled temperature (12-
14°C) while the incubation medium was prepared. Additionally, water samples for

incubations were taken using a 10 L Niskin bottle at a depth of 10 m.

28



Table 2: Campaigns carried out to obtain plankton samples during spring-summer and

autumn-winter 2021.

Season Sample Date Station Depth (m)
Spring-Summer Jan 2021 1 0-40

Sept 2021 18 0-50

Sept 2021 18 0-50

Oct 2021 1 0-30
Autumn-Winter March 2021 1 0-40

March 2021 1 0-50

May 2021 1 0-50

May 2021 1 0-50

May 2021 1 0-50

3.4 EXPERIMENTAL DESIGN

3.4.1 METABOLIC RATE AND Pcrit ESTIMATIONS

The metabolic activity and the critical oxygen concentration (Pcrit) in copepods were
measured estimating by closed respirometry in spring-summer (upwelling conditions) and
autumn-winter (non-upwelling conditions) season, during 2021. The incubations were
performed in 4 mL glass vials with 0.2 um filtered seawater obtained from the field and kept
at the cold room temperature at dark. Live individual copepods were placed in the vials with
a pipette in variable numbers: 13- 60 individuals, according to their sizes and using an optic
oxygen sensor (Robust probe OXROV10), connected to a FireSting-O2 four channel meter
(PyroScience) were measured as pO declines over time. All the experiments were carried
out at a constant temperature of 13 °C, as representing the average condition at about 10 m
depth at St. 18 throughout the year. The incubation period varied between 8 and 12 h
depending on species size, but a dissolved oxygen reading was taken every fifteen minute
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during the whole incubation period. At the end of each incubation, the mortality of
individuals in hypoxic condition were determined by counting the number of dead
individuals. The number of experiments for seasonal period, species, and replicates are

summarized in Table 3.

Table 3: Summary of respiration rate experiments for three planktonic copepods, which were
carried out between January 2021 and October 2021. n=number of individuals per vial and
Inc. time is the incubation time. Temperature was kept constant at 13°C for all experiments

in a cold room and dark conditions.

Season Date Species Replicates N°of n Inc. time
vials (hours)

Spring-Summer Jan 2021 C. patagoniensis 2 8 10-15 8

Sept 2021 P. cf. indicus 2 12 40-50 8

Sept 2021 A. tonsa 1 5 30-40 10

Oct 2021 A. tonsa 1 5 30-40 11
Autumn-Winter March 2021 C. patagoniensis 2 8 10-15 9

March 2021 P. cf. indicus 2 4 50 9

May 2021 C. patagoniensis 1 4 10-15 8

May 2021 P.cf.indicus 1 4 40-50 9

May 2021 A. tonsa 1 3 35-40 10

The critical oxygen level (Pcrit), defined as the lower partial oxygen pressure down to
routine metabolic rate could no longer be maintained independently of the oxygen partial
pressure (Birk 2021) was estimated from oxygen consumption as a function of oxygen
pressure by fitting two-steps segmented linear regression using the R-package
“Respirometry” (Birk 2021). Pcrit was assumed as the oxygen pressure corresponding to the

interception point between these two regressions. The respiration rate (MR) of each species
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was estimated as the consumption of oxygen (umol) during a time interval (15 min) of two
subsequent measurements of oxygen decay when the oxygen pressure was reaching the Pcrit
value. MR was thus calculated by the coefficient of oxygen dissolution at that given
temperature and salinity, accounting for the incubation volume, standardized by individual
body mass (ug C), and unit of time (h). For body mass, the average dry weight of adults of

each species was obtained from regression of size (Table 4).

MR: ((Os-Oi)* Conversion Factor * VVolume) / (Time * Weight)

Where, O+-O; is the final and initial oxygen concentration of each incubation. To estimate the
body mass (weight) of copepods, the size of each species was measured and a weight-size

relationship was used.

Table 4: Mean and standard deviation of size of copepods to experiments periods. N is
number of organisms measured. T-test was applied to C. patagoniensis and A. tonsa, while

for P. cf. indicus we applied an ANOVA.

Species Month Size (um) (N) t-testt ANOVA
C. patagoniensis January 2019 + 168.9 (13) 0.177
August 1925 + 153.2 (10)
P. cf. indicus April 746 +21.61 (14) 0.472
July 753 + 28.68 (16)
August 766 + 20.41 (6)
A. tonsa May 965 +83.27 (19) 0.618
October 971 £75.23 (13)
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The MR experiments to estimate the metabolic rate (MR) and the critical partial
pressure of oxygen (Pcrit) were carried out at a temperature of 13°C. As the temperature of
the upper 50 m of the water column ranged between 10 and 15°C, both values (MR and Pcrit)
were recalculated under these temperature conditions. For this, the relationship reported by
Heine et al. 2019 of the increase/decrease of MR by 7% per degree Celsius was used. These
values were compared to the fitted values of MR and Pcrit using Q10 = 2 (Hochachka &
Somero 1984). Pt values were adjusted to in situ temperature to represent its vertical

distribution in the water column throughout the time series.

3.4.2 DATA ANALYSIS AND STATISTICS

Two-way ANOVA was used to test seasonal effects and species differences in MR
and Perit. Furthermore, with one-way ANOVA the seasonal effect within species was tested.
The normality of the data was previously tested with the Shapiro-Wilks test and the
homogeneity of variances using a Levene test. Both tests were not significant (P>0.05) in all
cases, except the normality test for Pcrit (Shapiro-Wilk=0.729, P<0.05). Therefore, Pcrit data
were log-transformed before ANOVA to meet parametric assumptions (P>0.05). All of these

analyzes were performed using the Systat v.13 package (Wilkinson 1990).

Monthly time series data for temperature and dissolved oxygen allowed the
construction of interpolated contours using nonlinear kriging, and the depth of Pcrit values
across the time series were compared between species using one-way ANOVA, separately
by upwelling (September to March) and no. -upwelling conditions (April to August).

Significance levels were assumed at P = <5%.
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4. RESULTS

4.1 Chapter 1: “Adjusting metabolic rates and critical oxygen tension in planktonic copepods
under increasing hypoxia in highly productive coastal upwelling zones”. Scientific article

accepted in Limnology and Oceanography, https://doi.org/10.1002/In0.12556

Summary:

Ongoing ocean deoxygenation is threatening marine organisms and food webs
globally. In eastern boundary upwelling systems, planktonic copepods dominate the
zooplankton biomass, being crucial in the marine food web. Yet, they must cope with severe
hypoxia caused by shoaling of the oxygen minimum zone (OMZ). Based on laboratory
experiments conducted during 2021, we found differential responses in the metabolic rate of
three abundant copepod species. Calanoides patagoniensis doubled its metabolic rate during
the upwelling season, so better exploiting the spring phytoplankton bloom for feeding and
reproduction while maintaining their critical oxygen partial pressure unchanged between
seasons. Contrastingly, Paracalanus cf. indicus and Acartia tonsa, maintained their
metabolic rates throughout seasons, but they significantly increased their critical oxygen
partial pressure during the upwelling period, and so becoming less tolerant to the spring-
summer hypoxia. Time series observations showed that oxygen levels equal or lower than
the critical oxygen partial pressure is a common condition (ca. 70% of probability of
occurrence) that copepods encounter during a year cycle while inhabiting the upper 50 m
layer. These findings suggest the existence of a species-dependent trade-off between the

metabolic rate and the critical oxygen partial pressure where a species is able to maintain
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their latter despite fluctuations in their metabolic rate (improved hypoxia tolerance) or
maintain their metabolic rate at expenses of a larger critical oxygen partial pressure
(improved energy expending). These species-dependent adaptive responses, under oxygen
levels < the critical oxygen partial pressure suggest that exacerbated hypoxia, driven by
ongoing ocean deoxygenation and increased upwelling, will lead to a vertical compression
of the habitat, changing copepod distribution and higher copepod mortality, with potentially

drastic consequences for marine food webs.

Resumen

La actual desoxigenacion de los océanos estd amenazando a los organismos marinos
y las redes alimentarias en todo el mundo. En los sistemas de surgencia de borde oriental, los
copépodos plancténicos dominan la biomasa del zooplancton, siendo cruciales en la trama
trofica marina. Sin embargo, deben hacer frente a la hipoxia severa causada por la zona
minima de oxigeno (OMZ). Con base en experimentos de laboratorio realizados durante
2021, encontramos respuestas diferenciales en la tasa metabolica de tres especies abundantes
de copépodos. Calanoides patagoniensis duplico su tasa metabdlica durante la temporada de
afloramiento, por lo que aprovecha mejor la floracion de fitoplancton de primavera para
alimentarse y reproducirse, manteniendo su presion parcial de oxigeno critica sin cambios
entre estaciones. Por el contrario, Paracalanus cf. indicus y Acartia tonsa, mantuvieron sus
tasas metabdlicas a lo largo de las estaciones, pero aumentaron significativamente su presion
parcial critica de oxigeno durante el periodo de afloramiento, por lo que se volvieron menos
tolerantes a la hipoxia primavera-verano. Las observaciones de series de tiempo mostraron
que los niveles de oxigeno iguales o inferiores a la presion parcial critica de oxigeno es una
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condicion comun (aproximadamente el 70% de la probabilidad de ocurrencia) que los
copépodos encuentran durante un ciclo anual mientras habitan la capa superior de 50 m. Estos
resultados sugieren la existencia de un balance dependiente de la especie entre la tasa
metabolica y la presion parcial critica de oxigeno, donde una especie es capaz de mantener
esta Ultima a pesar de las fluctuaciones en su tasa metabolica (mejor tolerancia a la hipoxia)
0 mantener su tasa metabolica a expensas de una mayor presion parcial critica de oxigeno
(mejor gasto de energia). Estas respuestas adaptativas dependientes de las especies, bajo
niveles de oxigeno <la presion parcial critica de oxigeno, sugieren que la hipoxia exacerbada,
impulsada por la desoxigenacion oceénica y el aumento de la surgencia, conducira a una
compresion vertical del habitat, cambiando la distribucion de los copépodos y aumentando

su mortalidad, con consecuencias potencialmente dréasticas para las tramas tréficas marinas.
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Abstract

Ongoing ocean deoxygenation is threatening marine organisms globally. In eastern boundary upwelling
systems, planktonic copepods dominate the epipelagic zooplankton, being crucial in the marine food web. Yet,
they mist cope with severe hypoxia caused by shoaling of the oxygen minimum zone. Based on laboratory
experiments during 2021, we found differential responses in the metabolic rate (ME) and critical oxygen partial
pressure of three abundant copepods. Calanoides patagoriensis doubled its MR during the upwelling season, so
better exploiting the spring phytoplankton bloom for feeding and reproduction while maintaining their critical
oxygen partial pressure unchanged between seasons. Contrastingly, Paracalanus cf. indicus and Acartia tonsa,
maintained their MEs throughout seasons, but significantly increased their critical oxygen partial pressure dur-
ing the upwelling period, becoming less tolerant o hypoxia. Field observations showed that oxygen levels equal
to of lower than the critical oxygen partial pressure is a common condition (70% of occurrence) that copepods
encounter during the yvear in the upper 50m layer. These findings suggest a species-dependent tmde-off
between the MR and the critical oxygen partial pressure, where some species can maintain the latter despite
fluctuations in their MR (improved hypoxia tolerance) or maintain their MR at the expenses of a larger critical
oxygen partial pressure (improved energy expenditures). These adaptive responses, under oxygen levels equal to
or lower than the critical oxygen partial pressure, suggest that exacerbated hypoxia, driven by ocean deoxygen-
ation and increased upwelling, will alter copepod distribution and cause higher copepod mortality, with poten-
tially drastic consequences for marine food webs,

Evidence for gradual and steady ocean deoxygenation has
been mpidly growing (Keeling et al. 2010; Schmidtko et al. 2017;
Ereitburg et al. 2018), rising major concems about the predicted
impacts on maring biota (Limburg et al. 2023 Sampaio
et al. 2021). Decreasing oxygen levels become more evident and
severe in regions subjected o subsurface oxygen minimum
mnes (OMZs), charactedzed by extremely low-oxygen levels
(= 2045 pmol kg—"), covering large coastal areas, but also reg-
arded as highly productive marine regions (Gilly et al. 2018). As
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a consequence of the ocean deoxygenation, an expansion of
the OMZs has been predicted to occur due to the shoaling of
their upper and the descent of the lower boundaries, thiis
increasing OMZ volume and its influence on marine organisms
(Stmmma et al. 2012; Zhou et al. 2022). The oxygen concentr-
tions in the OMZ core have also been reported to decrease, thiis
further increasing the severity of hypoxia (Chan et al. 2008;
Stramma et al. 2008),

Dissolved oxygen shapes the structure and functioning of
coastal upwelling ecosystems and the spatial—tem poral distri-
bution of many marine organisms (Auel and Verheye 2007;
Escribano et al. 2009; Wishner et al. 2013). This is because
hypoxic conditions can be harmful for most of the biota
(Roman et al. 2019; Sampaio et al. 2021), as many organ isms
reside mear the upper oxycline and face daily changes in
oxygen levels. Shoaling of the OMEZ may, therefore, reduce
the available habitat for pelagic fishes and zooplankton
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(Wishner et al. 2013) as they move above, below, or between
hypoxic waters. This not only changes the volume of the
habitat they can exploit, but also predator—prey interactions,
which can increase as the habitat becomes strongly
compressed (Stramma et al. 2000).

Hypoxia can affect organisms in many ways, first altering
the behavior of mobile organisms seeking more favorable oxy-
gen conditions or sessile animals frying to isolate themselves
from the medium. When behavioral responses do not suffice,
physiological, and biochemical responses are triggered, likely
leading to lower growth and reproductive success in the
long term, assuming they survived acute hypoxia (Stramma
et al. 2010). At the ecosystem level, species-specific tolerances
o low oxygen will result in a differential success under a
changing environment, likely leading to alterations in com-
munity structure and trophic webs (Diaz and Rosenberg 2008).
‘While some species will be negatively affected by these effects,
others that are more hypoxia-tolerant may expand their distri-
bution range or have access to more resources (Stramma
et al. 2010; Wishner et al. 2018).

The adaptations of oganisms to low oxygen are ddven by a
selective pressure bo optimize and enhance oxygen uptake from
hypoxic waters 0 maintain aerobic metabolism in most ani-
mals (Childress and Seibel 1998), while others would just lower
their metabolic demands. ATP requirements may be satisfied by
twio modes: as an oxyeonformer oganism, decreasing its aero-
bic metabolic rate (MR) as environmental oxygen decreases,
mainly relying on anembic metabolism or metabolic depres-
sion, or as an oxyregulator one, able to maintain aerobic metab-
olism at least down bo a certain oxygen level (critical oxygen
partial pressure: Poy,) (Hochachka and Somero 2002). For an
oxyonformer, the MR decreases proportionally with oxygen
concentration, leaving them with less energy to meet their
demands. These oxygen-tonformer spedes may prevail under
stable-oxic conditions, as they are hypoxda-sensitive organisms
(Roges et al. 2016). For an oxygen-regulator, instead, a lower
P is under positive selection for hypoxia tolerance (Roges
et al. 2016; Cobbs and Alexander 2018). However, under severe
hypoxia, oxygen levels lower than Pog lead to metabolic Failu e
unless they perform metabolic suppression (Seibel 2011).

Coastal upwelling zones with shallow OMZ's, can exhibit
severe hypoxic conditions near the surface, although they are
highly unstable environments both in space and time in terms
of oxygen levels (Paulmier et al. 2006). Upwelling causes the
intermittent but strongly seasonal (summer months) ascent of
cold, low-oxygen waters to the photic zone where the highest
biomass of organisms concentrates (Grantham et al. 2004;
Escribano et al. 2009; Seibel 2011). Many organisms oocupy-
ing the photic zone are thus subjected to occasional hypoxia
during their entire life cycle (Ekau et al. 2010; Kiko et al.
2016). Among them, the zooplankton may even experience
more frequent hypoxic conditions because many perform
daily incursions into hypoxic subsurface layers to avoid preda-
tors (Wishner et al. 2013; Riguelme Bugueno et al. 2020;

Response of plank tonic copepods to hypoxia

Tutasi and Escribano 2020). Zooplankton must then have
evolved some adaptations bo cope with the events of hypoxia
coupled with upwelling pulses. These events can be more peri-
odical over seasonal scales at temperate latitudes (Sobarzo
et al. 2007; Escribano et al. 2012) and thus a predictable driver
of evolution.

In the coastal upwellmg zone of centralsouthern Chile
(Bupporting Information Fig. 51), copepods are the dominant
component of the amoplankton (Hidalgo et al. 2010), but also
key in terms of zoophnkton biomass and produdion (Escribano
and Schneider 2007; Medellin-Mora et al. 2020). Copepods are
considered suitable models bo assess the behavior and the meta-
bolic responses o short-term, unpredictable hypoxia, but also
to examinge their responses to more predictable seasonal hyp-
oxia. Copepods are multigenerational, producing several cohorts
durdng an annual cycle, such that different selective pressures
may be acting over different cohorts throughout the year. For
instance, in spring-summer, strong upwelling promotes primary
production and thus inceases copepod feeding and reproduc-
tion (Vargas et al. 2006). This condition may demand more
energy; thus, an increased MR. By contrast, dudng suppressed
upwelling (autumn-winter), reduced feeding and reproduction
may result  in lower MRs, a5 shown  (Donoso
and Escribano 2014). Therefore, there might be a trade-off
between MREs and the critical oxygen partial pressure, resulting
from a simultaneous rise in the energy demands for feeding,
growth, and reproduction and the need for minimizing the
critical oxygen partial pressure (Py) to cope with low-oxygen
conditions during spring-summer months, Given the several
copepod cohorts during the year and the stongly predictable
and seasonal hypoxia in this upwelling system, we hypothesize
a hypoxis-driven decrease in Po, dudng summer months
(if hypoxiz-daven adaptation exis). If not, it would signal a
strategy for better exploiting the more Bvorable summer condi-
tions at the expenses of hypoxia tolerance. To test this hypothe-
sis, we measured the MR and Py on different seasonal cohorts
of three abundant planktonic copepod species, Acartia forsa,
Paracalaraes of, indicus, and Calinotdes patagoriensis, inhabiting
the coastal upwelling zone off Chile. With the detemination of
their MR and Py, we aimed to test the adaptive capacity of
these planktonic copepods to adjust their metabolism to con-
front variations in the availability of oxygen over the seasonal
and intra-seasonal ime scales of upwelling.

Materials
Study area

The upwelling zone of central-southern Chile is in the east-
ern South Pacific (33°5-38°5) (shown in Supporting Informa-
tion Fig. §1). In this zone, upwelling is controlled by the
South Pacific subtropical anticyclone (Strub et al. 1998;
Schneider et al. 201 6), causing seasonal upwelling events prev-
ailing during the austral spring-summer (Sobarzo et al. 2007).
The high primary production (=10g Cm = d™") (Daneri

gy e | gy o [ ] e Ay g S, rdaccn sy ary s sy S QUgT) | ) ey s e pa el o s o e ) i isanl

"

g

a7 ) i 3k oy o pasasctl an X ) s g L] S g w0

37



Frederick et al.

et al. 2000) observed in the spring-summer supports impor-
tant planktonic communities (Morales et al. 2007; Landaeta
et al. 2008; Escribano et al. 2016), which reach their highest
growth rates in spring-summer (Vargas et al. 2010; Escribano
et al. 2016).

The area off Concepcion (36°5) corresponds to the widest
section of the continental shelf along the central-south of
Chile Sobarzo and Djurfeldt 2004), characterized by northern
winds prevailing in winter, whereas southern Westerly Winds
(predominate in the spring—summer (September—March)
(Sobarzo et al. 2007).

In this region, an oceanographic time series was initiated in
August 2002 at Sta. 18 (indicated in Supporting Information
Fig. 51). The Sta. 18 is located at 367305 and 73°08'W at 90 m
depth over the continental shelf off Concepcion. Since 2002,
monthly CTD casts, oxygen concentration, and biological
measurements, such as chlorophyll a (Chl @) and zooplankion
biomass, have been made at Sta. 18 (Escribano  and
Morales 201 2). In our study, oxygen data were used b0 assess
hypoxia conditions to which copepods are exposed.

Copepod sampling and treatment

Live copepods for experiments were obtained in the area
surrounding Sta. 18 (Supporting Information Fig. 51). Zoo-
plankton samples were collected from the upper 50 m layer
through vertical tows of a zooplankton WP2 net with a mesh
size of 200 pm and 0.5 m of opening diameter, equipped with
a non-filkering cod-end. Live samples were placed in coolers
and diluted with surface seawater and taken to the Dichato
Marine Laboratory within 1 h. In addition, seawater for the
incubations was collected with 10 L Niskin bottles from 20 to
30 m and maintained in carboy containers. At the laboratory,
samples were maintained in cold rooms at a controlled tem-
perature of 13°C, which is the average in situ temperature at
Sta. 18 during the year cycle. In situ temperature and oxygen
conditions at each sampling were assessed by the deployment
of a conductivity—temperature—depth (CTD) profiler, SeaBind-
19 plus, equipped with an oxygen sensor. The CTD was oper-
ated from the surface down to 80 m depth.

In the laboratory, live copepods were sorted and identified
under a microscope. Adult stapes, females, and males of the
target species in apparently good physical condition were
selected when present in the samples and kept in the cold
room at dark in filtered seawater (0.2 ym) for an acclimatation
period of 2 h. Depending on their abundance in the samples,
a total amount of 50-200 individuals were sorted for each tar-
get species: C. patagoniensis, P, of. irndicus, and A, torisa.

Experimental design

The MR and the critical oxygen partial pressure (Pgg) of
copepods were estimated for each species by closed respirome-
try conducted in a temperature<controlled cold room at differ-

ent times of the year, including spring—summer {upwelling
conditions) and autumn-winter (non-upwelling conditions)

Resportse of planktoric copepods to hypooda

during 2021. A summary of experiment metadata is provided
in Supporting Information Table $1. The incubations were
performed in 4 mL glass vials filled in about 80% with 0.2 ym
fltered seawater obtained from the feld and kept at the cold
room temperature at dark Live individual copepods were
placed in the vials with a pipette in variable numbers: 13-60
individuals, according to their sizes. Vials were then filled to
the top with seawater and hermetically closed, avoiding air
bubbles, with a top equipped with a silicone seal and a steel-
protected optic oxygen sensor (Robust probe OXROV10) con-
nected to a FireSting™ 0, four<hannel meter (PyroScience).
When many copepods in good condition were available, up to
four of the above-described O, meters were used in parallel.
Therefore, oxygen consumption was measured as the decline
of pO; over time in each vial. For each run, a vial lacking cope-
pods was run in parallel to account for any potential bacterial
metabolism. All the experiments were carried out at a constant
temperature of 13°C, representing the average condition at
ahout 10 m depth at Sta. 18 throughout the year. The incuba-
tion period varied between 8 and 12 h depending on species
size (se¢ Supporting Information Table 51), but a dissolved
oxygen reading was automatically recorded every minute dur-
ing the whole incubation period. At the end of each incuba-
tion, the mortality of individuals in hypoxic condiions was
determined by counting the number of dead individuals. The
number of experiments for sexsonal periods, species, and repli-
cates are summarized in Supporting Information Table 51.

The critical oxygen partial pressure (Po,) was estimated
from oxygen consumption as a function of oxygen pressure
by fitting two-step segmented linear regressions wsing the
R-package “Respirometry™ (Birk 2021). Py was assumed as
the oxygen pressure corresponding to the intersection point
between these two regressions. The MR of each species was
estimated as the consumption of oxygen (umol) during a time
interval (15 min) of two subsequent mexsurements of oxygen
decay well above reaching the Py, value. MR was thus calou-
lated by the coefficient of oxygen dissolution at that given
temperature and salinity, accounting for the incubation vol-
ume, standardized by individual body mass (ug C), and time
(h). For body mass, the individual C content of each species
was obtained from Cdength regressions after measuring the
prosome lengths (um) of copepods incubated for each experi-
ment (data shown in Supporting Information Table $4).
CAlength regressions (se¢ Supporting Information Table S4)
were derived from direct measurements of individual C con-
tents and prosome lengths for each species obtained in previ-
ous work in the same study area (unpublished data).

Oceanographic and complementary data

Aiming at interpreting our experimental results in the con-
text of environmental conditions and oxygen variation to
which copepods are exposed in nature, we wsed held data
from 5ta. 18 previously obtained during the time series study.
During the oceanographic time series of Sta. 18, bimonthly
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sampling was undertaken during 2002 and 2003, and
monthly sampling thereafter. Hydrographic measurements
were obtained with a SeaBird-SBE-25 CTD, along with water
samples at nine depths (080 m). In this study, we wsed time
series data from 2002 to 201 6 data to assess intra-seasonal, sea-
sonal, and interannual variability in oxygen and temperature
throughout the water column Sobarzo et al. 2007). These data
were complemented with additional monthly samplings at
Sta. 18 carried out with a SeaBird-19 plus CTD equipped with
an oxygen sensor for the period July 2019 and March 2020,
Mo data were available for the period between April 2006 and
July 2019,

In addition to the time series data, we used data on cross-
shelf vertical distribution of copepod species from a seasonal
sampling carried out in 2008 to assess the actual oxygen con-
ditions copepods experience. The sampling incleded Sta.
18, but also deeper stations located nearby to assess whether
vertical distribution at Sta. 18 could be more widely replicated.
Zooplankton sampling was carried out with a Hydrobios
Multinet Midi type (200 pm mesh size) to obtain vertical strat-
ifed samples from the surface to a maximum depth of 5000m
at the deepest station. The Multinet was towed horizontally to
sample 4 and 5 strata in 5 cross-shelf stations (see Supporting
Information Table S8).

Data analysis and statistics

Both MR and critical oxygen partial pressure (Pem) were
estimated at the incubation temperature (13°C), but since the
upper 50 m of the water column temperature ranged between
10°C and 15°C, both values (MR and P.y) were also rec-
alculated at these temperature conditions following  the
reported  increasing/decreasing MR in 7% per “C (Heine
et al. 2019). These values were further compared with the
adjusted MR and Py, values using a Q10 = 2 (Hochachka and
Somern 1984). Py values were so adjusted to the in situ tem-
perature to represent their vertical distribution in the water
column throughout the time series,

Table 1. Metabolic rate (MR) and critical oxygen partial pres-
sure (Pea). MR and Peq: were estimated for three plankionic co pe-
pods  (mean + standard  deviation), Calanoides  potagoniensis,
Porocolanws of. indicus, and Acartio tonsa in two seasons; A-W:
auturmn—winter, 55 spAng-summer. Bold values indicate signifi-
cant differences (p< 0.05) between species.

Spedies Season MR (pmol O pg "h") B, (kPa)
C patogoniensis ~ 5-5 19391022 3.83+1.39
AW 1022+2 80 3.1840.79
P o indicus 55 2234057 464061
AW 24240 64 2.77+0.89
A tonsa 55 1924203 A.90+0.59
AW 363266 3.06+1.71

Resportse of planktoric copepods to hypooda

Sexsonal effects and species differences in MR and P, were
tested by two-way analysis of variance (ANOVA) and further
with one-way ANOVA for testing seasonal effects within spe-
cies. Data were previously tested for normality with the
Shapiro-Wilk test and the homogeneity of variances by a
Levene test. Both tests were non-significant (p =005) in all
cases, except the test of normality for Pow  (Shapiro—
Wilk =0.729, p<0.05). Therfore, data for P, were log-
transformed paor to ANOVA to meet parametric assumptions
(p=0005). All these analyses were performed wsing the Systat
.13 package (Wilkinson 1990). Monthly time series data of
temperature and dissolved oxygen allowed the construction
of contours interpolated by nonlinear kriging and the depth of
Pegy values over the ime series were compared between spedes
by one-way ANOVA, separately by upwelling (September—
March) and non-upwelling (April-August) conditions. Signifi-
cance levels were assumed at p = <5%.

Results
MR and critical oxvgen partial pressure

The three copepod species were subjected to incubation
experiments in different seasons, divided into autumn-winter
(non-upwelling) and spring-summer (upwelling). There were
at least two replicated experiments per season for each species
(Supporting Information Table 51). From these experiments,
the estimates of MR and critical oxygen partial pressure (P
are summarized in Table 1.

Mean values of MR during the spring—summer are higher
than those of the autumn-winter in C. patagoniensis but did
not considerably change in the other two species between sea-
sons (Table 1). Among species, C. patagoriensis exhibited the
highest MR in both seasons. Py also exhibited considerable
variation between species and seasons (Table 1) Two-way
ANOVA showed significant seasonal effects and significant dif-
ferences between species in MR, There were also significant
seasonal effects on Poy, but with no significant diferences
between species (Supporting Information Table $2). When fur-
ther testing seasonal effects separately by species, one-way
AMOVA revealed that MB significantly increased in the
spring—summer in C. patagoriensis, but seasonal changes of
Poy in this species were non-significant (Supporting Informa-
tion Table 53). By contrast, P. of. indicus and A, fonsa had non-
significant differences in MR between seasons, but their Pog
differed significantly between seasons (Supporting Informa-
tion Table 53), increasing more than 60% during the spring—
summer compared to autumn-—winter (Table 1).

The strong variability in MR and similarity in Pae across
species, and the seasonal effects on both MR and Py, became
evident when integrating data for the three species, indepen-
dently of seasonal effects (Supporting Information Fig. 52).
When separating by seasonal condiions, it was found that
MR also exhibited strong intra-seasonal variability throughout
the experimental range of pO, although data scattering
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within season and within species seems greater above the esti-
mated Pe values (Fig. 1). The estimated slopes of the linear
regressions from each data set are provided in Supporting
Information Table S6.

Coupling environmental conditions and copepods’
metabolism

A time series of temperature and dissolved oxygen at a fixed
station (Sta. 18, shown in Supporting Information Fig. S1) was
available from August 2002 to March 2020, with missing data
during half of 2016 through June 2018 (all data plotted
Supporting Information Fig. $3). From this series, monthly

Response of planktonic copepods to hypoxia

climatology was derived for temperature, Chl a, and oxygen.
There is a strong seasonal pattern during the annual cycle
(Fig. 2). Most variability occurs in the upper 20 m with a sur-
face warming between December and March and colder condi-
tions during July-August, with a clear upwelling signal from
mid-September to March when colder water (< 11°C) ascents
into the upper 50 m (Fig. 2A). Chl a pattern reveals the strong
phytoplankton bloom occurring during the spring-summer
(Fig. 2B). The annual cycle of dissolved oxygen also has a
strong seasonal signal. During spring-summer (upwelling),
only the upper 30 m had O, above 1 mL L, and below the
OMZ prevails associated with cold-upwelled waters (Fig. 2C).
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Fig. 1. Metabolic rate as a function of environmental axygen and estimated critical partial pressure of oxygen (P..,) in three copepod spedes, Calanoides

patagoniensis, Parocalanus d. indicus, and Acartia tonsa. These species inhabited the coastal up
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Flg. 2. Variability in temperature, chlorophyll g, and dissolved oxygen. The seasonal cycle of (A) temperature, (B) chlorophyil g, (C) dissolved oxy-
@gen in the water column at Sta. 18 in central-southem Chile. The | cycle was obtained from thly means from the period 2002 to 2016.

(D) Vertical distribution of spedes-specific depth of P, in rdation to the annual variability of oxygen in the column water at Sta. 18 off central/
southem Chile. The continuous line is P, estimated during the spring-summer and the dotted line represents P, depth for an autumn-winter
condition.
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Contrastingly, in autumn-winter the oxic layer deepens down
to about 55 m while the OMZ seems to disappear at the Sta.
18 (Fig. 2C). We also used the oxygen time series to assess
the depth at which copepod species could encounter oxygen
conditions equal to or below their Py values during the vear.
We estimated the depth of the Poyy's values for the spring
summer and autumo-winter  conditions, both  valuees
converted to oxygen concentration (mL L") for the entire
year cycle (Fig 2D). The seasonal pattern of upwelling and
oxygenation at Sta. 18 becomes clearly reflected in the annual
cycle of the “depth at Py values. This cycle shows that the
three species can encounter oxygen levels equal to or lower
than their Py during most of the year within the upper 50 m.
This condition becomes more critical during the spring
summer (September-March), when Py, conditions are found
in the upper 30 m layer (Fig. 2.

Since the annual cycle may not represent the full range of
oxygen conditions nor the eventual longterm fluctuations in
water column oxygenation, we estimated the changes in depth
of Py, values for the entire time series by adjusting its values
according to the mean temperature of the upper 50 m layer
Supporting Information Fig. 54). The mean depth of Py, in
. patagoniensis was 34.3 = 16.95 (mean = 5D) in the spring—
summer, deepening down to 55.3 £ 16.81 m in the autumn-
winter. In P. of. indicus, the depth of Py was 27.2+ 15.23 m in
the spring—summer months and 554+ 199 m during
autumn-—winter, wheeas in A torsa, depth of Py, ranged
between 295+ 1552 m in spring—summer and 56.1+ 16.56
in autumn-winter months. When separating both seasonal
conditions, one-way ANOVA showed highly significant differ-
ences (Fazz; = 7.51, p< 0.01) in the depth of Py, between spe-
cies during the upwelling season (sprng-summer), but with no
significant differences (Fp a5 = 0.05, p>0.05) between species
during the non-upwelling season (autumn-winter).

For the whole period, the depth of Poy falls within the
upper 50 m during most of the year, except for the months of
July and August, when it deepens down to about 70 m. A simi-
lar pattern was observed for the three species (Supporting
Information Fig. 54), also reflecting the strong differences in
depth of Poy's between spring-summer vs, autumn-winter
months,

Owver the long term, based on these oxygen data, the “depth
of Py values exhibit strong  interannual  fluctuations,
characterized by years when low oxygen prevails even during
a non-upwelling condition @autumn-winter), such as during
the winter of 2003, 2009, and parly 20012 (Supporting Infor-
mation Fig. 54). There was also a weak low-frequency (3—4 yr)
variation revealed by the smoothed series and the lack of a
positive  or negative  trend during  the entire  period
{Supporting Information Fig. $4).

Vertical distribution of copepods
During winter 2008, the vertical distribution of the three
species over a cross-shelfl transect is shown in Fig. 3. Copepods

Resportse of planktoric copepods to hypooda

appeared mostly concentrated in the shallow stations close to
the coast (Sta. 1, Sta. 18, and Sta. 3), and P. of indicus was the
most abundant species with the highest abundance of
ca. 200 individuals m™ in the upper layer (0-20m) at Sta.
1. €. patagoniensis and A. tonsa also showed their maximum in
the upper 20m of Sta. 1 with 80 and 4 individuals x m?,
respectively. The abundance of C. patagortensis and P
of. indicus remained relatively high @ 10 individuals m ) in
Sta. 18 and Sta. 3, whereas the abundance of A torsa
decreased drastically westward down to less than two orders of
magnitude, compared to the shallow Sta. 1 and Sta. 18. At the
coastal stations (Sta. 1, Sta. 18, and Sta. 3), copepods were
found at all sampled strata down to 100 m, except for A, torsa
which appeared mostly restricted to the upper 50 m (Fig. 3).
Although, the abundance decreased with depth, copepods in
the deeper strata (= 50 m depth) still exhibited densities com-
parable to those in the upper 20 m layer in the coastal sta-
tions (Fig. 3).

At the ofishore stations (Sta. 4 and Sta. 5), the three copepod
species were found in layes deeper than 50 m, although with
2-3 orders of magnitude less abundant than in the other coastal
stations. At Sta. 5, the three species coincided n the same deep
layers (> 100 m) with very low densities (< 2 individuals m—).
Also, at this station, a nighttime sampling showed some varda-
tion in the vertical distribution of the three species between day
and night abundances, although these changes did not clearly
reveal a vertical migration acmss stk

Discussion

Copepods inhabiting in the coastal upwelling zone exhibit
2 high ecological flexibility to withstand this physical and
chemically unstable environment (Peterson 1998). They can
also couple their annual life cycle to seasonal upwelling varia-
tion b0 optimize their temperature-dependent growth rates
(Escribano et al. 2014) and their feeding behavior upon sea-
sondl changes in the quality and quantity of food resources
(Vargas et al. 2006). During the autumn-winter, under
depressed upwelling and low phytoplankton biomass (see
Fig. 2B), copepods favor an omnivorouws diet, in contrast with
the diatom-based diet prevailing during the spring—summer
(Vargas et al. 2006). From this study, it seems copepods can
also prime their oxygen uptake and transport in some cohorts,
Copepod  reproduction may also be coupled to seasonal
upwelling (Hidalgo and Escribano 2007), such that even
though reproduction can occur year-round, it increases during
the spring—summer active upwelling, coinciding with a major
phytoplankton bloom. Under these conditions, a greater feed-
ing rate may induce increased MREs of copepods, as suggested
by previous studies (Lampert 1984; [keda et al. 2000; Donoso
and Escribano 2014), allowing them to maximize the utiliza-
tion of food resources, thus fueling the intensified reproduc-
tive activity. This may be the case for C. patagoniensis, which
can  almost double its MR during the spring-summer.
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Fig. 3. Vertical distribution of three copepods in the coastal upwelling zone of central-southem Chile during the austral winter 2008. (A) Calanoides
patagoniensis, (B) Paracalanus cf. indicus, (C) Acartio tonsa. Stations are over a cross-shef transect from the coast (Sta. 1, 50 m depth) westward to most
oceanic station (Sta. 5, S00 m depth) (see Supporting Information Fig. $1). Only Sta. 5 induded a daytime vs. a nighttime sampling, while the other sta-
tions were sampled in daylight conditions. The gray bars in Sta. 5 showed nighttime abundance.
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Contrastingly, P. of. irdicus and A tonsa can maintain their
MR throughout the year, allowing them to exploit alternate
seasonal sources of food for year-round growth and reproduc-
ion (Hidalgo and Escribano 2007). During our respirometry
experiments, incubations did not contain any food, and there-
fore, copepods may have fasted during the 6-8 h experiments.
Studies on the gut content of copepods indicate that small
species may respond rapidly (within houwrs) to changing food
conditions (e.g, Kiarboe et al. 1985) and, so, affecting their
MRs. The larger-sized €. patagoriersis may perhaps not
respond so rapidly to starving conditions compared o the
smaller A. forsa and P. of indices, providing more stored
energy to satisfy metabolic demands. In this respect, Heine
et al. (2019) found no significant differences in the response
of respiration rate to increasing temperature when comparing
fed and fasted copepods, and it is, therefore, possible that
fasting conditions did not considerably affect the estimates of
MR in our experiments. In fct, our results show that the MR
is regulated for several hours down to the critical oxygen partial
pressure, not showing any signs of changes in metabolic sub-
strate usage or shortage. It is also important to note that
. patagoriensis had a much higher MR (10 times greater) than
the other two species despite their langer body mass (Supporting
Information Table 54). Respiration has been found to decrease
with copepod size (allometric effect) (Hirst and Sheader 1997;
Roman and Ferson 2022). However, some species-dependent
adaptations may cuse allometric  deviations in animals
inhabiting OMZs (Childmess and Seibel 1998), and it has been
suggested that in variows animals, the oxygen supply capacity is
adjusted to meet metabolic demands regardless of their size
(Seibel and Deutsch 2020).

A higher MR in C. patagoniensis during the spring-summer
was associated with warmer water in these seasons. A higher
temperature can increase the MR (Roman et al. 2019), as
expected for any ecotherm. The temperature at Sta. 18 was in
the range of 11.8-13.6°C at 10m depth (mean = 125°C), with
an average of 120°C for the whole 50 m layer. During a year
cycle, copepods are exposed to an entire range of 100-15.0°C
in this layer (0-50 m). Our experiments were all performed at a
constant temperature of 13°C, such that the tempemture efect
on the MR was controlled in the laboratory. In the feld, how-
ever, the temperature varied by 5°C between winter and sum-
mer in the upper 50 m layer where most copepods reside, and
therefore, when extrapolating our results to the field, both MR
and critical oxygen partial pressure needed to be adjusted to in
situ temperature  Supporting Information Table $5). This
adjustment altered the estimates of the critical oxygen partial
pressure, increasingfdecreasing its value by about 5% per “C,
suggesting that warmer conditions may reduce copepod toler-
ance to hypoxia by increasing their critical oxygen partial pres-
sure and so encountering critical oxyvgen levels in shallower
‘water.

When interpreting and understanding the effects of sea-
sonal upwelling on critical oxygen partial pressure it must be

Resportse of planktoric copepods to hypooda

considered that copepods are multigenerational organisms
with a life span in the range of 1040 d for most species. The
small P. of. indicus may have = 30 cohorts a year (Escribano
et al. 2014), and although we lack information on the number
of cohorts per vear on A. fortsa, based on its size, it may have a
similar number of generations per vear to that of P. of. indicus.
This means that different cohorts are exposed to different oxy-
gen regimes, suggesting the possibility of seasonal adaptation
to the prevailing oxygen levels. However, during the spring—
summer, when hypoxic conditions prevail in the water col-
umn, we observed greater critical oxygen partial pressure
values, which will be encountered at shallower depths in the
water column. In contrast, during winter, with a more oxy-
genated water column, lower values of critical oxygen partial
pressure were found, allowing individuals to distribute deeper
under oxygen levels higher than their Po This response is
not accompanied by seasonal changes in MR in P. cf. indicus
and A. tonsa. Earlier, Fry and Hart (1984), based on the slope
of the conforming segment, where the MR is directly propor-
tional to ambient pO,, realized that an increase in MR will
mathematically result in a greater criical oxygen partial pres-
sure if the slope of the conforming segment remains constant.
This slope, so-called alpha (a) and recently subject to debate,
is the line of respiratory dependence. In fact, it has been
proposed that critical oxygen partial pressure is the result of
reaching the maximum oxygen supply capacity (Seibel
et al. 2021) on an organism, this is “the maximum amount
of oxygen that can be supplied per unit time and oxygen
pressure” and is a species-specific and temperature-specific
constant. Based on our initial hypothesis, we would expect a
shift in the a signaling hypoxia-driven adaptations. To
verify this possibility, the slopes of the regressions and
their corresponding standard errors were derived from the
ftted equations, and they were found to be in the range of
0.07-0.60 (Supporting Information Table 56). A Student's
t-test comparison between seasons, within species, revealed
significant differences (p<0.05) in C. patagoriensis and
P. of. indicus, but not in A, torsa (p= 0.05). These findings
suggest the existence of differential responses to hypoxia in
the species under study, as illustrated in Fig. 4. P. cf indicus
and A. forisa are able to maintain their MR throughout season,
possibly to sustain year-round reproduction and growth, but at
cost of increasing the citial oxyvgen partial pressure (Pog) and
s0 becoming less tolerant bo upwelling-driven hypoxia (adap-
tive response 1 in Fig. 4). C. patagoriensis on the other hand
appear optimizAng their MR during the upwelling season to bet-
ter exploit the spring—summer phytoplankton bloom, being
ahle to maintyin critical oxygen partial pressure and thus with
a greater capacity to cope with seasonal hypoxia (adaptive
response 2 in Fig. 4). Both types of adaptive responses imply a
change in the slope (shown as @ in Fig. 4), that is, in the oxy-
gen supply capacity (or “conductance,” Piiper et al. 1971),
which should remain constant upon non-adaptive response
(Fig. 4). To our knowledge, the present study is the first
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Fig. 4. The expected metabolic rate as a function of environmental oxygen partial pressure. The metabaolic rate is theorized for two seasons in a coastal
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1 in which P increases upon a changing axyconforming slope to maintain MR. In response 2, Pos & maintained by increasing the slope of the
axyconforming segment during the upwelling season. The green shaded area represents the possible metabolic scope, which only remains unaffected in

the adaptive response depicted in B.

showing seasonal changes oxygen supply capacity (a), likely
possible by the existence of different cohorts between contra-
sting seasons and thus, selecting for an elevated metabolic
capacity when hypoxia intensifies. This appearance of more
“athletic” individuals has been hypothesized to occur under
persistent hypoxia (Seibel et al. 2021), such as an upwelling
system, and mediated by improved conductance along the
oxygen cascade (Farrell et al. 2021). Modifying the oxygen
supply capacity should thus be considered as a species-
dependent physiological adaptation in seasonal cohorts of
copepods, to optimize metabolic outcomes under seasonally
varying food sources, temperature, and dissolved oxygen.

The adaptive response 1 to hypoxia (Fig. 4B) can have
major ecological consequences for copepods under a scenario
of increasing upwelling in eastern boundary upwelling sys-
tems (Schneider et al. 2016; Xiu et al. 2018). The shoaling of
the OMZ upon increased upwelling will lead to an increased
occurrence of conditions with oxygen levels equal to or lower
than critical oxygen partial pressure, implying an effective ver-
tical reduction of the normoxic environment. Our monthly
time series of dissolved oxygen in the water column shows

10

that out of 163 monthly observations, there were 111
occasions (i.e, ca. 70%) having oxygen levels lower than the
critical oxygen partial pressure of all species tested within the
upper 50 m layer. This implies strong limitations on the aero-
bic metabolism of copepods, which, given the frequency of
occurrence, may have drastic implications for the whole
planktonic community and food webs, Studies show negative
effects of hypoxia on the occurrence and abundance of
zooplankton (Auel and Verheye 2007; Ekau et al. 2010; Roman
et al. 2019), with unpredictable consequences for the whole
pelagic food web due to alterations at basal levels.

The wvertical distribution and potential migration of cope-
pods, becomes crucial to maximize aerobic metabolism in the
water column. Our zooplankton sampling in 2008 shows that
copepods can be found at any depth within the upper 50 m
during winter conditions (Supporting Information Fig. 54) in
the coastal area. Although we do not have this data for
spring—summer conditions, a previous study performed in a
nearby area during January 1985 (austral summer) (Castro
et al. 2007) showed that A. torsa concentrate in the upper
20m, P of. indices (named as Paracalasus parvis) in the
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upper 30 m, and C. patagoniesis seem more widely spread in
the upper 50 m. Yet more remarkably, this summer vertical
distribution fits with the speciesspecific measured critical
oxygen partial pressure, thus with their physiological limit to
sustain aerobic metabolism matching its ability to exploit dif-
ferent habitat volumes. There are also some differences in ver-
tical distribution, depending on the crossshelf position. For
instance, A. forisa seem bo aggregate in shallow water nearshore
{Sta. 1 in Supporting Information Fig. $1), whereas the other two
species appear more widely distdbuted at all coastal stations. The
presence of the three species at the offshore stations (Sta. 4 and
St 5) in deep stmia, in very low abundances, may not necessar-
ily reflect the actual habitat of these copepods. Copepods found
at such depths may be part of their populations being advected
offshore and further subduded at depth by physical processes
taking place at the upwelling zone, as described in Gonzalez
et al. (2023). We do not have information regarding diel vertical
migration (DVM) on these species in this area, but for these
smill and mid-size copepods the vertical amplinide of DVM may
not be greater than 30 m (Tutasi and Escribano 2020, and so
even performing DVM they can handly avoid being exposed to
hypoxic water within the upper 50 m.

Differential distribution may influence the impact of the
hypoxia on the species population but also on the whole com-
munity. For instance, A. fornsa may be less affected by residing
in the nearshore and shallow water, which s usually highly
oxygenated, contrasting with C. patagorienisis and P. of. indicis,
both inhabiting deeper under the influence of the OMZ waters.
Differences in vertical distribution in relation to the cross-shelf
dimension may also relate to the spatial distribution of the
OMZ, whidch tends to become much shallower in the near-
shore, especially during the summer, by entering the upper
50 m (see Supporting Information Fig. 57).

Despite  the potential differential impact of hypoxia,
depending on vertical distribution and on the adaptive responses
shown (Fig. 4), the thee species are indeed frequently exposed
o hypoxic events, which become greatly augmented during the
spring-summer condition. In our expedments, copepod mortal-
ity was greater than 70% (Supporing Information Table 57) after
reaching critical oxygen partial pressure, suggesting that cope-
pods in the feld are experiencing severe episodes of mortality.
Previous studies in this region have already shown that increased
upwelling negatively impacts copepod abundances (Escribano
et al. 2012 Pino-Pinuer et al. 2014), and this impact may relate
o increased hypoxia upon upwelling intensification. Such
effects can be greater in early life stages, which tend to increase
in mumber dudng the sping—summer when hypoxia also
increases, thus with major consequences for copepods popula-
tion dynamics, but also for the whole food web.

Ocean deoxygenation appears as a gradual global process trig-
gered by global warming (Breitburg et al. 2018). However, obser-
vations and modeling regarding the resporses of  highly
productive coastal eastern boundary upwdling systems to glolal
warming alsy indicate and predict the intensification of wind-
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driven upwelling (Babun et al. 2010 Schneider et al. 2006; Xiu
et al. 0018). More upwelling implies a shoaling of the OMZ at the
upwelling 2one and a consequent shoaling of the “depth of criti-
cal oxygen partial pressume,” so further reducing the normoxic
habitat of copepods.

The present results highlight the vulnerability of plank-
tonic copepods to climate change, even in highly variable
environments such as the upwelling zone, where the OMZ
waters intrude seasonally to shallower waters. Further analysis
on species-specific physiological tolerances may allow better
and more environmentally relevant predictions on what spe-
cies are more likely to prevail or to be less constrained under
the currently seen and future predicted OMZ ex pansion.

DATA AVATLABILITY STATEMENT
Data on experimental work are available atDOL 10.5281/
zenodo. 10668060,
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4.2 Chapter 2: “Reviews and synthesis on increasing hypoxia in eastern boundary
upwelling systems: a major stressor for zooplankton”. Scientific manuscript submitted to

“Biogeosciences” journal.

Summary:

Eastern boundary upwelling systems (EBUS) are ecologically and economically
important marine regions of the world ocean. In these systems, zooplankton play a pivotal
role in transferring primary production up through the food web. Recent studies show that
global warming is causing a gradual deoxygenation of the world ocean, while in EBUS a
vertical expansion of the subsurface oxygen minimum zone (OMZ) along with increased
wind-driven upwelling is taking place, further exacerbating hypoxic conditions for
zooplankton inhabiting the coastal upwelling zone. Hypoxia can affect zooplankton by
disrupting their respiration, migration, reproduction, and development. These effects
however depend on some specific adaptations of organisms that have evolved in habitats,
permanently or episodically, subjected to low oxygen waters. Various metabolic,
physiological, behavioral and morphological adaptations have been described in zooplankton
interacting with the OMZ. Nevertheless, adaptive responses of zooplankton to withstand mild
or severe hypoxia, and the eventual oxidative stress derived from highly fluctuating oxygen
conditions have not been fully addressed in EBUS. The existence or lack of such adaptive
responses can play a crucial role for zooplankton dynamics in EBUS with major
consequences for their food web and biological productivity, and the aim of exploring this

here.
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Resumen

Los sistemas de surgencia de borde oriental (EBUS) son regiones marinas del océano
mundial de importancia ecologica y econdmica. En estos sistemas, el zooplancton desemperia
un papel fundamental en la transferencia de la produccion primaria a través de la red
alimentaria. Estudios recientes muestran que el calentamiento global estd provocando una
desoxigenacion gradual de los océanos del mundo, mientras que en EBUS se esta
produciendo una expansidén vertical de la zona minima de oxigeno sub-superficial (OMZ)
junto con un aumento de la surgencia impulsadas por el viento, lo que exacerba ain mas las
condiciones hipdxicas para el zooplancton que habita en la zona de surgencia costera. La
hipoxia puede afectar al zooplancton al alterar su respiracion, migracion, reproduccién y
desarrollo. Sin embargo, estos efectos dependen de algunas adaptaciones especificas de los
organismos que han evolucionado en habitats, permanente o episddicamente, sujetos a aguas
con poco oxigeno. Se han descrito diversas adaptaciones metabolicas, fisioldgicas,
conductuales y morfoldgicas en el zooplancton que interactda con la OMZ. Sin embargo, las
respuestas adaptativas del zooplancton para resistir una hipoxia leve o grave y el eventual
estrés oxidativo derivado de condiciones de oxigeno altamente fluctuantes no se han
abordado completamente en la EBUS. La existencia o falta de tales respuestas adaptativas
puede desempefiar un papel crucial para la dinamica del zooplancton en EBUS con
importantes consecuencias para su red alimentaria y productividad bioldgica, y el objetivo

de explorar esto aqui.
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Abstract. Eastern boundary upwelling systems (EBUS) are ecologically and economically
important marine regions of the world ocean. In these systems, zooplankton play a pivotal
role in transferring primary production up through the food web. Recent studies show that
global warming is causing a gradual deoxygenation of the world ocean, while in EBUS a
vertical expansion of the subsurface oxygen minimum zone (OMZ) along with increased
wind-driven upwelling are taking place, further exacerbating hypoxic conditions for
zooplankton inhabiting the upwelling zone. Hypoxia can affect zooplankton by disrupting
their respiration, migration, reproduction, and development. These effects however depend
on some specific adaptations of organisms that have evolved in habitats, permanently or

episodically, subjected to low oxygen waters. VVarious metabolic, physiological, behavioural,
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and morphological adaptations have been described in zooplankton interacting with the
OMZ. Nevertheless, these adaptive responses of zooplankton to withstand mild or severe
hypoxia, and the eventual oxidative stress derived from highly fluctuating oxygen conditions,
may develop in association with trade-offs related to other metabolic/energy-demanding
processes. New demands imply a reduction in energy otherwise available for growth, feeding
and reproduction with further ecological consequences for the populations. This paper
reviews and explores the existence or lack of such adaptive responses and their role for
zooplankton dynamics in EBUS with major consequences for the pelagic food web and

biological productivity.

1 INTRODUCTION

Currently it is widely recognized that the increase in atmospheric CO2 and other greenhouse
gasses is driving the warming of the Earth’s surface and ocean (Oschlies et al., 2018). A
warmer ocean drives several physical consequences, such as the increases in mean global sea
surface temperature, increasing winds, more intense storms in some regions, and changes in
ocean circulation (Schmidtko et al., 2017). The warming of the upper layers of the ocean also
drives a greater stratification of the water column, reducing vertical mixing and thus affecting
ocean ventilation. A warmer ocean also lowers oxygen solubility, and hence further
challenging marine life. Under such a scenario, deoxygenation (a decline in oxygen) in the
open ocean and coastal water has increased since the middle of the 20th century (Strama et
al., 2008, Gregoire et al., 2021). Ocean warming also increases the metabolic rate of
ectotherms, promoting a greater oxygen usage by marine communities, and further

exacerbating the oxygen decline (Breitburg et al, 2018).
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The decrease in oxygen concentration, evident in many areas of the ocean, becomes even
more critical in regions with persistent and currently expanding oxygen minimum zones
(OM2Z) (Gregoire et al., 2021). These OMZ systems are defined by their extremely low
oxygen concentrations (<20-45 umol kg-1), covering large areas of the ocean, and associated
with highly productive coastal and oceanic regions (Gilly et al., 2013). A vertical expansion
of the OMZs has been evidenced and it is related to a shoaling of its upper boundary, and
descent of the lower boundary, and thus increasing its total volume (Stramma et al., 2010).
In some cases, the minimum oxygen concentrations in the OMZ cores have also been further
reduced, intensifying the OMZ (Chan et al., 2008).

In the four major eastern boundary current systems (EBUS) (Chavez and Messié, 2009), the
effect of climate change has been associated with an intensification of the physical forcings
driving coastal upwelling (Bakun et al., 2010; Xiu et al. 2018), leading to several changes on
the physical-chemical properties of the water column, including a gradual cooling in the last
few decades (Santos et al., 2012; Schneider et al., 2016). The increase in upwelling
favourable winds in EBUS brings colder water and more frequent occurrences of upwelling
events (Breitburg et al., 2018). Stronger upwelling is ultimately thought to be a response to
the strengthening of large-scale pressure gradients linked to global-scale climate change
(Garcia-Reyes and Largier, 2009). With the intensification of the coastal upwelling, a
shoaling of the oxygen minimum zones (OMZ) in coastal waters takes place and so
compressing the upper highly oxygenated layer. The closely linked effects of increasing
upwelling, cooling of the water column and shoaling of the OMZ in EBUS driven by global
warming are illustrated in Fig. 1.

The ongoing combined processes, deoxygenation, increasing upwelling, and OMZ expansion

will alter the oxygen conditions in upper layers (<50 m) in EBUS, where plankton becomes
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concentrated, with various ecological and biogeochemical consequences. Aerobic
metazooplankton inhabiting the upwelling zone is thus expected to be exposed to variable
levels of oxygenation from normoxia to mild or sever hypoxia, depending on their
distribution and migrating behaviour. Their responses will also depend on the existence,
absence, or development of new adaptations. In this paper, we review such adaptive
responses of zooplankton and the ecological consequences driven by hypoxia, aiming at
establishing the physiological/metabolic bases and directions when addressing issues related

to the future of zooplankton dynamics in EBUS subjected to ongoing climate change.
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Figure 1: Projected effects of increasing upwelling in eastern boundary upwelling systems
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and brings cold-water into shallow depths at the inshore as illustrated by the 12°C isotherm,
and so fertilizes the photic zone and promotes plankton aggregation. B) Ocean warming
effects manifest mainly at surface in the offshore region, while increased upwelling may
instead cool down the coastal zone (B), also vertically expanding and further shoaling the

OMZ at the inshore area, causing more hypoxia and reducing the oxygenated habitat.

2 ADAPTIVE RESPONSES OF ZOOPLANKTON TO HYPOXIA

Oxygen plays a key role in the structuring and functioning of marine ecosystems and so
modulates the spatial-temporal distribution of many marine organisms. This is mainly
because low oxygen levels challenge the maintenance of aerobic metabolism and can be
harmful for most of the biota (Ekau et al., 2010; Wishner et al. 2018; Breitburg, 2018). The
effects of depleted oxygen can affect organisms in many ways, including acute natatory and
physiological impairment, diminished growth, and reproductive success, and altered
behaviour of mobile forms when searching for more favourable oxygen regimes (Wishner et
al., 2018).

At ecosystem level, the different tolerances to low oxygen across species will determine their
survival, and so causing changes in community structure, the trophic webs, due to changes
in predator-prey interactions because of changes in abundance, migration, and habitat
compression (Tutasi and Escribano, 2020). While several species will be negatively affected
(including commercially exploited species), others more hypoxia-tolerant may expand their
range of distribution, exploit new niches (Stramma et al., 2010), and therefore have access to
new resources. The adaptation of animals to low oxygen is triggered by a strong selective

pressure to maintain aerobic metabolism by optimizing and enhancing oxygen uptake from
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hypoxic water (Childress and Seibel, 1998), or alternatively by suppressing their metabolic
rate to reduce the oxygen demands (Seibel, 2011). At the upper extreme of the oxygen
cascade, oxygen uptake is satisfied by two adaptive modes: as an oxygen-conformer
organism by reducing aerobic metabolic rate as environmental oxygen decreases, or as an
oxygen-regulator by maintaining the aerobic metabolism down to an oxygen level known as
critical oxygen tension (Pcrit) (Chisholm and Roff, 1990). The difference between these two
daptive modes can be illustrated by the changes in the metabolic rate as a function of oxygen

pressure (Fig. 2).
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Figure 2: Two adaptive modes in marine zooplankton as a response to hypoxia (modified

from Rogers et al., 2016).

The potential metabolic adaptation illustrated in Fig. 3, for instance by reducing Pcrit to cope
with severe hypoxia, or a lack of adjusting capacity, may vary with the species (Frederick et
al. 2024), and this may therefore favour some species while others are negatively impacted.
Fig. 3 represents the potential metabolic responses to a variable oxygen condition from

normoxia to hypoxia. A non-adaptive response (Fig. 3A) is reflected in changing metabolic
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rate (MR) as a function of oxygen levels and this also implies a variable Pcrit, whereas
aadaptive response 1 (Fig. 3B) represents a constant MR at the cost of changing Pcrit, and
adaptive response 2 (Fig. 3C) will maintain a constant Pcrit with a consequent change in MR.
It has recently been suggested that Pcrit is the point at which the physiological oxygen supply
capacity reach its maximum, and as such is a species- and temperature-specific constant
(Siebel et al., 2021). From past literature, in fact, Pcrit iS constant within a given species
(Rogers et al., 2016) and thus supporting the validity of the maximum oxygen supply capacity
within species. Yet, the potential plasticity of Pcrit has not been explored on organisms
inhabiting fluctuating oxygen regimes such as the ones living around OMZ zones.
Furthermore, many of these pelagic organisms have several cohorts along the year, thus also
allowing maternal effects on top of plasticity leading to shifts on either Pcrit or MR on some
species of planktonic copepods along the year (Frederick et al., 2024). Such differential
responses will ultimately alter the species composition with consequences for the food web
structure. However, even for those oxygen-regulator species, severe hypoxia may cause

oxygen levels lower than Pcrit with severe stress or deleterious effects on organisms.
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Figure 3: The expected metabolic rate (MR) as a function of environmental oxygen partial

pressure (Pcrit). The MR is theorized for two seasonal conditions: Autumn-winter (blue line)
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and spring-summer (red line) in a coastal upwelling zone, where Pcrit will move following
changes in MR and the slope (a) of the oxyconforming segment remains constant (A), an
adaptive response 1 in which Pgrit increases upon a changing oxyconforming slope (a) to
maintain a constant MR (B), and an adaptive response 2, where Pt is maintained constant
by increasing o during the upwelling season (C) (modified from Frederick et al, 2024). Here,
the oxyconforming segment refers to the metabolic rate under oxygen levels below Pci,
while the aerobic scope represents the range of MR between the basal metabolism and its

maximum for a given species.

Other adaptive responses include a shift to anaerobic metabolism when entering extremely
low oxygen concentrations, such as those found in the core of the OMZ. This adaptation has
been reported in actively migrating species, such as the krill Euphausia spp. (Riquelme-
Buguefio et al., 2020). However, several adaptive responses have already been described for
zooplankton, inhabiting, or entering the OMZ. For instance, crustaceans inside the OMZ can
experience rapid physiological adjustments, and this involves various adaptations: enhanced
ventilatory capability, enlarged gill surfaces, shortened diffusion distances, and increasing
respiratory proteins with high oxygen affinity (Childress & Seibel 1998). For example, in
vertically migrating zooplankton entering the OMZ, Antezana (2002) observed the presence
of enlarged gill surfaces, along with active respiration and swimming under depleted oxygen
in Euphausia mucronata indicating oxygen usage in the OMZ. In another krill species,
Meganyctiphanes norvergica (Spicer et al, 1999), the anaerobic metabolism has been
assessed showing that lactate concentration increased significantly when the oxygen
concentration decreased down to hypoxic levels, and so being able to resist prolonged periods

to such conditions. In M. norvergica, the production of lactate is rather low and so explaining
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a limited diel vertical migration of this species compared to E. mucronata in which the
increase in lactate dehydrogenase is quite high allowing long periods of exposure to hypoxia

(Gonzales & Quifiones, 2002).

Finally, changes in behaviour and distribution may also obey specific hypoxia adaptive
responses, as found in many dominant zooplankton that avoid the OMZ by restricting their
vertical migration (Escribano et al. 2009, Tutasi and Escribano 2019, Kiko et al. 2019). Also,
in the copepod, Acartia tonsa, it has been possible to observe behavioural adaptations when
copepods previously exposed to oxygen gradients avoided hypoxic bottom waters, while
copepods not exposed to hypoxia did not avoid lethal oxygen concentrations (Decker et al

2003).

3 OXIDATIVE STRESS IN ZOOPLANKTON

An important biological response linked to variable oxygen levels, and rarely considered in
the open ocean, is oxidative stress. The phenomenon can occur because variations in oxygen
levels in the ocean range from normoxia to hypoxia at short spatial and temporal scales in
some areas. Driven by such fluctuations, the oxidative stress appears related to a state of
respiratory imbalance in terms of O, uptake, delivery, and usage, during which the animals
cannot maintain a constant tissue oxygenation and, instead, undergo rapid changes between
under-oxygenation and hyper-oxygenation (Tremblay et al., 2010). Therefore, as a product
of aerobic respiration, the production of reactive oxygen species (ROS) can occur. ROS itself
plays a crucial role as signalling molecule leaking out from the mitochondria, together with
cytochrome ¢, AMP-activated protein kinase (AMPK), the release of mitochondrial DNA

(mtDNA) and TCA (tricarboxylic acid) cycle metabolites (Martines-Reyes & Chandel,
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2022). Not surprisingly, all of them are highly dependent on the oxygen available for
mitochondrial functioning, and thus their regulation is likely to be challenged under the
unstable oxygen levels found in the vicinity of OMZ.

A higher production of ROS in the body may alter the DNA structure, result in modification
of proteins and lipids, and trigger the activation of several stress-induced transcription factors
(Birben et al., 2012). The available evidence suggests that oxidative stress can generate a
significant physiological cost in life expectancy, reproduction, the immune response, in
addition to the effect on metabolism and growth.

Molecular oxygen (O>) is the primer biological electron acceptor, crucial in regulating cell
functions. However, it is also the precursor of reactive oxygen species (ROS) formation
because of normal cellular metabolism. The 3 major ROS of physiological significance are
superoxide anion (O--.), hydroxyl radical (*OH), and hydrogen peroxide (H202) (Guérin et
al., 2001). The generation of these reactive oxygen species (ROS) has been extensively
studied (Welker et al., 2013, Moreira et al, 2016; Giraud-Billoud et al, 2019). When animals
are re-oxygenated after hypoxic exposure, ROS formation occurs, and if not neutralized by
the body's antioxidant defences, may cause oxidative damage and eventually cellular disorder
and death. ROS production is species-dependent which can further vary as a function of the
intensity of hypoxia and exposure time to an oxygen-deficient habitat. However, ROS are
not only produced by re-oxygenation after hypoxic exposure, in fact the ROS production has
also been reported to occur in hypoxic conditions for a variety of organisms, as reviewed by
Hermes-Lima (2015). The exposure to hypoxia may lead to ROS and eventually to
production of antioxidant compounds as an adaptive response, a phenomenon described as
preparation for oxidative stress (POS) (Hermes- Lima et al 1998, 2015; Moreira et al, 2016).

Tremblay et al. (2010) showed that krill species adapted to hypoxia have a sufficiently high
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antioxidant protection whereas less adapted species suffered a strong oxidative stress
measurable as lipid peroxidation. Thus, antioxidants play an important role in neutralizing
the oxidative action of free radicals. The mechanisms of cellular protection against ROS
include several antioxidant enzymes such as Superoxide dismutase (SOD), Catalase (CAT),
Peroxidase, Glutathion S-transferase (GST), and Glutathione Peroxidase (GPx), and non-
enzymatic such as Ascorbic acid (Vitamin C), Glutathione (GSH, Tocopherol and
Carotenoids, where their participation becomes relevant in ROS detoxification processes in
organisms subjected to oxidative stress. An imbalance between the level of ROS and
antioxidant protection, it can result in oxidative damage to tissues and a state of oxidative
stress (Birben et al., 2012).

Linked to the presence of these radicals, a defence mechanism is the synthesis of antioxidant
molecules capable of neutralizing the oxidative action of these free radicals. Several studies
have described the presence of ROS and corresponding antioxidant responses in zooplankton,
summarized in Table 1.

POS has been proposed as a mechanism to strengthen antioxidant defences (Hermes- Lima
etal 1998, 2015; Moreira et al, 2016). However, how this mechanism operates in zooplankton
inhabiting areas subjected to a shallow OMZ is an open question. The timing for developing
antioxidant responses also becomes an important issue in both migrants and non-migrant
zooplankton, because of the short-time (few hours) within which animals are exposed to
hypoxia-normoxia conditions during migration or due to the irregular pulses of upwelling
causing the ascent or descent of the OMZ. In the same context, and as mentioned above,
most zooplankton avoid hypoxic waters by restricting their vertical distribution to the narrow
and shallow normoxic layer in coastal waters, or by limiting the diel vertical migration

(DVM) avoiding entering the OMZ or at least the extremely low oxygen layer found at the
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OMZ core (Kiko & Haus, 2019, Tutasi & Escribano, 2019). The highly variable DVM
behaviour may thus play a key role for the adaptive response to hypoxia in the context of
ROS and POS processes. Zooplankton performing extensive DVM can indeed enter the core
of the OMZ, as described in several euphausiid species (Escribano et al. 2009; Riquelme-
Buguefio et al. 2020). The incursions in extremely low oxygen waters and rapid re-
oxygenation when ascending to near surface at nighttime may trigger ROS and certainly

antioxidant response.

Table 1: Zooplankton species exposed to different stress leading to reactive oxygen species (ROS). DVM (diel vertical migration)
behavior can be performed and indicated by “Y” or not “N” (non-migration) and “NI”” (no DVM information). Arrows in column 5
indicate the increase or decrease in the biomarker signal in relation at the stressor agent. * Indicates that the samples were obtained
from areas under presence of an Oxygen Minimum Zone.

Group Species DVM  Stressor Biomarker Reference
Copepoda Acartia tonsa Y Temp. (Heatwave) 1GST von Weissenberg et al, 2021
Acartia sp. Y Temp/pH/DO 1GST Glippa et al, 2018
Calanus pacificus Y* Temp/pH 1GST Engstréom-Ost et al, 2019
Limnocalanus macrurus Y Contaminants 1SOD/|LPX Vuori et al 2015
Eurytemora affinis Y Temp/Sal 1GST Cailleaud et al, 2007
Euphausiacea Nictiphanes simplex Y* Temp/Sal 1SOD/CAT/GST Tremblay et al, 2010
Nematocelis difficilis N* Temp/Sal 1SOD/CAT/GST Tremblay et al, 2010
Euphausia eximia Y* Temp/Sal 1SOD/CAT/GST/|LPX Tremblay et al, 2010
Mysidae Neomysis awatschensis Y DO 1SOD/1|CAT-LDH Wang et al, 2021
Pteropoda Limacina helicina Y* Temp/pH 1GR/CAT/|LPX Engstrom-Ost et al, 2019
Decapoda Scylla serrata N Seasonal effect 1SOD/CAT/GPX Kong et al, 2008
Cephalopoda Sepiella maindroni NI DO 11SOD-CAT-POD-LDH Wang et al, 2008

SOD: Superoxide dismutase; CAT: Catalase; GST: Glutathione S-transferase; LPX: Lipid peroxidation;
GPX: Glutathione peroxidase; LDH: Lactato deshidrogenasa; POD: Peroxidasa

A potential adaptive response to this periodical exposure to low-high oxygen is the possibility
of doing POS during the hypoxic phase of DVM. The interplay between ROS and POS linked
to DVM behaviour is illustrated in Fig. 4. In Euphausiids, which perform extensive DVM,

the process of normoxic at oxygen levels >200 uM in the photic zone, and subsequent
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hypoxia (02 < 3 uM), when diving down to 200 m at the sunrise, can take less than 3 hours
(Riquelme-Buguefio et al., 2020), i,e. being exposed to >30% reduction/increasing in
oxygenation per hour while swimming up or down. Such stressful oxygen conditions over a
short-time scale can indeed trigger ROS (Tremblay et al. 2010), and potentially POS during

the nighttime phase (Fig. 4).
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Figure 4: Changes in the daily vertical migration and short-term response to oxidative stress

in zooplankton. llluminated area shows the daytime.

The DVM behaviour, considered as an adaptive response evolved to avoid visual predators
during daylight conditions (Giraud-Billoud et al, 2019), may at the same time require the
evolution of POS and hence allow a mechanism to mitigate ROS effects. Diel cycles
triggering antioxidant responses to ROS have been shown to occur in planktonic organisms

exposed to light-dark conditions, such as Daphnia pulex (Cai et al., 2020), suggesting the
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existence of circadian rhythms of ROS and subsequent POS. However, not all zooplankton
perform DVM, and indeed many species, mostly composed by copepods, which significantly
contribute to the bulk of zooplankton biomass remain restricted to the upper 50 m layer
(Escribano et al., 2009). These species however can still be exposed to hypoxia upon highly
fluctuating upwelling intensity allowing the incursion of the upper limit of the OMZ (<3 kpa
of O2) into near-surface water (Schneider et al., 2016). Upon strong upwelling such hypoxic
conditions may even reach surface waters (Escribano et al., 2009).

In EBUS, depending on latitude, the active upwelling period can be strongly seasonal in
temperate areas or having a weak seasonal signal being semi-permanent year-round in
subtropical regions. For example, in the coast of Chile at mid-latitudes (30°-40° S) the
Spring-Summer southern winds drives a very active upwelling period and consequently a
shallow OMZ, whereas the Autumn-Winter exhibits a condition of depressed upwelling also
known as downwelling period. This seasonal variation can temporarily expose non-migrating
zooplankton populations to hypoxia during high frequency change (hours to days) in the
upwelling season, and potentially demanding POS during the downwelling (spin-down) or
transitional period before spin-up phase of upwelling. The combined effects of seasonal
upwelling conditions, vertical distribution of the OMZ, and lack of DVM behaviour,
promoting ROS and POS are illustrated in Fig. 5. Fig. 5A illustrates a condition of depressed
upwelling (spin-down of upwelling or downwelling) with the upper limit of the OMZ below
the photic zone where non-migrant zooplankton aggregates and normoxic conditions
prevails. This conditions may trigger re-oxygenation and thus presence of ROS. Fig. 5B
shows a condition of strong upwelling with shoaling of the OMZ which can intrude the photic
zone, such that some of the non-migrant zooplankton becomes exposed to hypoxia and

therefore POS may potentially occur as a response to a changing hypoxia-normoxia
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condition. Fig. 5C represents an exacerbated condition of hypoxia upon a much stronger and

recurrent upwelling in a future condition.

A) Downwelling B) Present Upwelling  C) Future Upwelling

ROS + POS?

ROS + POS?

Autum-Winter Spring- Summer

Figure 5: Oxidative stress (ROS) and the potential adaptive response (POS) of zooplankton

subjected to seasonal upwelling-hypoxia conditions.

Both migrant and non-migrant zooplankton may have possibly evolved adaptive responses
to ROS, although available information on this issue is scarce. Most studies on antioxidant
response in marine organisms have been focused in coastal, intertidal, or benthic species.

It seems more difficult to carry out these studies in organisms inhabiting the water column,
such as zooplankton, given the high variability in the physical-chemical parameters to which
they are exposed. For example, planktonic copepods are very abundant, and they make up

about 80% of the zooplankton biomass, so it is imperative to consider the effects of a
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changing environment and the response of these organisms to oxidative stress. Glippa et al.
(2018) studied the copepod Acartia spp., which showed an increase in the enzymatic activity
of GST over a two-weeks period when exposed to changes in temperature, pH and DO. An
increase of enzymatic activity indicates the activation of an antioxidant defence mechanism
front to environment changes. The same effect was reported by von Weissenberg et al.
(2021) in Acartia spp. exposed to heatwaves, in experiments carried out in temperature range
to 9-16°C. The authors observed a positive relationship between the increases in glutathione
in response to increased environmental temperature and showed the deleterious effect over
reproductive success during warming.

Regarding dominant zooplankton in EBUS, a relevant issue to consider is the short life cycle
of copepods (<2 months) and euphausiids (<1 year). Under a seasonal upwelling regime, the
exposure to hypoxia-normoxic may occur to different cohorts, and therefore the adaptive
response (e.g. POS) might be seasonally adjusted. Although, if the OMZ continues its vertical
expansion, there may not be sufficient time for developing adaptive responses with
deleterious consequences for non-migrant populations, which comprise most upwelling

inhabitant species.

3.1 NATURAL ANTIOXIDANT AGENTS FOR ZOOPLANKTON

Studies show that planktonic diatoms have a high antioxidant potential (Goiris et al, 2012).
Diatoms are rich in carotenoids, such as fucoxanthin and astaxanthin that play a crucial role
in protecting UV. Some diatoms as a Skeletonema marinoi and Odontella aurita can
synthesize and accumulate ascorbic acid (Vitamin C) and phenolic compounds which also

have antioxidant properties (Smerilli et al, 2019; Hemalatha et al, 2015).
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The concentrations of antioxidants in diatoms are species-specific (Foo et al. 2017), where
they quantified the total content of some antioxidants and their bioactive capacity in six
diatom species, where Chaetoceros calcitrans and Isochrysis galbana showed the highest
antioxidant activity, followed by Odontella sinens and Skeletonema costatum which
exhibited moderate bioactivity. Meanwhile Phaeodactylum tricornutum and Saccharina
japonica displayed the lowest antioxidant activity among the examined algae species.

In coastal upwelling environments, zooplankton must face a wide variability of the
environmental parameters to which they are subject. For this reason, the presence of an
exogenous source of antioxidants provided by diatoms would help mitigate the effect of

oxidative stress due to environmental pressure.

4 CONCLUSION

Ocean deoxygenation and the loss of oxygen in EBUS is an ongoing phenomenon, and
planktonic organisms must inevitably cope with this gradually increased hypoxia, and a
changing dynamic of the ocean. The ecological consequences are far from understood and,
will largely depend on the ability of zooplankton to strengthen their capacity to tolerate mild
or severe hypoxia, exploit plasticity and maternal effects to their maximum, or to develop
new adaptations. In any case these responses may likely come at some cost and likely with
trade-offs on other metabolic/energy-demanding processes. The outcome from the new
demands implies a reduction in energy otherwise available for growth, feeding and
reproduction with further consequences in the population dynamics. Hypoxia conditions can

also lead to changes in behaviour (upon stress) and spatial distribution, and so altering for
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example prey-predator interactions. Ultimately, the pelagic food-web and community
structure will likely be affected with biogeochemical consequences in the context of the C
and N recycling and ecosystem productivity. The assessment of plankton community
structure through time series observations in the upwelling zone constitutes the most suitable
proxy to examine the community responses to ongoing deoxygenation, and so long-term time
series are extremely valuable for accurate predictions. The use of molecular methods to
examine how individuals can modify their gene expression to cope with hypoxia, and
eventually activate antioxidant responses, are also necessary approaches when aiming to the
understanding and prediction of the ecological consequences upon expected severe

conditions of an oxygen-deprived water column.
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5. DISCUSSION

Ocean deoxygenation and the loss of oxygen in EBUS is an ongoing phenomenon,
and it can be stated that planktonic organisms must inevitably cope with gradually increased
hypoxia. Understanding the impact of the expansion of zones of minimum oxygen in EBUS
systems is of vital importance to understand the changes in the community structure
associated with these systems and their possible effects on carbon transfer in the food webs.
The ecological consequences however largely depend on the ability of zooplankton to
develop new adaptations. The degree of adaptation of zooplankton to hypoxic conditions will
be measured by the duration of hypoxic events. Under conditions of persistent hypoxia, it is
likely that behavior, for example avoidance of areas with low oxygen, will be persistent, but
not under sporadic conditions of hypoxia. Thus, hypoxic zones can be a selective force for

zooplankton.

Copepods inhabiting in the coastal upwelling zone exhibit a high ecological flexibility
to withstand this physical and chemically unstable environment (Peterson. 1998). They can
also couple their annual life cycle to seasonal upwelling variation to optimize their
temperature-dependent growth rates (Escribano et al. 2014), and their feeding behavior upon
seasonal changes in the quality and quantity of food resources (Vargas et al. 2006). Also in
copepods, the reproduction may be coupled to seasonal upwelling (Hidalgo & Escribano
2007), such that even though reproduction can occur year-round, it increases during the
spring-summer active upwelling, coinciding with a major phytoplankton bloom. Under these
conditions, a greater feeding rate may induce increased metabolic rates of copepods, as

suggested by previous studies (Lamper. 1984; Ikeda et al. 2000, Donoso & Escribano 2014),
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allowing them to maximize the utilization of food resources, thus fueling the intensified

reproductive activity.

In our respirometry experiments, the results to C. patagoniensis which can almost
double their metabolic rate during the spring-summer. Contrastingly, P. cf. indicus and A.
tonsa can maintain their metabolic rate throughout the year allowing them to exploit alternate
seasonal sources of food for year-round growth and reproduction (Hidalgo & Escribano
2007). Our results show that metabolic rate is regulated over several hours up to the critical
partial pressure of oxygen, without showing any signs of changes in metabolic substrate

utilization or shortage.

Some studies mention the allometric effect on respiration rates. Respiration has been
found to decrease with copepod size (allometric effect) (Hirst & Sheader 1997, Roman and
Pierson 2022). A small size in copepods can lead to a greater oxygen absorption capacity,
because it is necessary to transport oxygen through the cell membrane to the mitochondria;
and for smaller cells there is a greater surface area and shorter diffusion distances (Verberk
et al. 2021). However, some species-dependent adaptations can cause allometric deviations
in animals inhabiting minimal oxygen zones (Childress & Seibel 1998), and it has been
suggested that in several animals the oxygen supply capacity is adjusted to meet the
metabolic demands of independently of its size (Seibel & Deutsch 2020). This is the case in
our results, where it is observed that C. patagoniensis had a much higher metabolic rate (10

times higher) than the other two species despite its greater body mass.

Higher temperature can increase metabolic rate (Roman et al. 2019), as expected for
any ectotherm. Recent data synthesis about the interaction of temperature and oxygen on
metabolic processes, suggested that the respiration rate of copepods increases by
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approximately 7% per degree Celsius (Heine et al. 2019). This suggests that in warm waters
copepod respiration will increase faster. However, species-specific responses can be affected

by the temperature range they experience and their thermal tolerance.

In our result, a higher metabolic rate in C. patagoniensis during spring-summer was
associated with warmer water in these seasons. The temperature at St.18 was in the range of
11.8-13.6 °C at 10 m depth (mean=12.5 °C), with an average of 12.0 °C for the entire 50 m
layer. m. During an annual cycle, copepods are exposed to a full range of 10.0-15.0 C° in
this layer (0-50 m). All of our experiments were performed at a constant temperature of
13°C, so the effect of temperature on metabolic rate was controlled in the laboratory.
However, in the field, temperature varied by 5 °C between winter and summer in the upper
50 m layer where most copepods reside, and therefore, when extrapolating our results to the
field, both metabolic rate and The critical partial pressure of oxygen had to be adjusted to in
situ temperature. This adjustment altered estimates of the critical partial pressure of oxygen
by increasing/decreasing its value by approximately 5% per degree Celsius, suggesting that
warmer conditions may reduce copepods' tolerance to hypoxia by increasing their critical

partial pressure of oxygen and therefore finding critical levels of oxygen in shallower waters.

When interpreting and understanding the effects of seasonal upwelling on critical
oxygen partial pressure it must be considered that copepods are multigenerational organisms
with a life span in the range of 10-40 days for most species. The small P. cf. indicus may
have >30 cohorts a year (Escribano et al. 2014), and although we lack information on the
number of cohorts per year on A. tonsa, based on its size, it may have a similar number of
generations per year to that of P. cf. indicus. This means that different cohorts are exposed

to different oxygen regimes, suggesting the possibility of seasonal adaptation to the
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prevailing oxygen levels. However, during the spring-summer, when hypoxic conditions
prevail in the water column, we observed greater critical oxygen partial pressure values
which will be encountered at shallower depths in the water column. In contrast during winter,
with a more oxygenated water column, lower values of critical oxygen partial pressure were
found, allowing individuals to distribute deeper under oxygen levels higher than their Pcit.
This response is not accompanied by seasonal changes in metabolic rate in P. cf. indicus and
A. tonsa. Earlier Fry and Hart’s. 1948, realized that an increase in metabolic rate will
mathematically result in a greater critical oxygen partial pressure if the slope of the
conforming segment remains constant. This slope, so called alpha (o) and recently subject to
debate, is the line of respiratory dependence. In fact, it has been proposed that critical oxygen
partial pressure is the result of reaching the maximum oxygen supply capacity (Seibel et al.
2021) on an organism, this is “the maximum amount of oxygen that can be supplied per unit

time and oxygen pressure” and is a species- and temperature-specific constant.

According to our initial hypothesis, we would expect a change in adaptations driven by
hypoxia but our findings suggest the existence of differential responses to hypoxia in the
species under study. P. cf. indicus and A. tonsa are able to maintain their metabolic rate
throughout the season (Fig. 5B), possibly to sustain year-round reproduction and growth, but
at the cost of increasing the critical partial pressure of oxygen (Pcrit) and therefore become
less tolerant to upwelling-driven hypoxia. On the other hand, C. patagoniensis seems to
optimize its metabolic rate during the upwelling season (Fig. 5C) and take better advantage
of the spring-summer phytoplankton bloom, it is capable of maintaining a critical partial
pressure of oxygen and therefore with a greater capacity to cope with seasonal hypoxia. Both

types of adaptive responses involve a change in oxygen delivery capacity (or “conductance,”
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Piiper et al. 1971), which should remain constant in the face of a non-adaptive response. To
our knowledge, the present study is the first to show seasonal changes in oxygen supply
capacity (o)), probably possible by the existence of different cohorts between contrasting
seasons and therefore selecting for elevated metabolic capacity when intensified hypoxia.
This emergence of more “athletic” individuals has been hypothesized to occur under
persistent hypoxia (Seibel et al. 2021), as an upwelling system, and mediated by enhanced
conductance along the oxygen cascade (Farrel et al. 2021). Therefore, modification of oxygen
delivery capacity should be considered as a species-dependent physiological adaptation in
seasonal cohorts of copepods, to optimize metabolic outcomes under seasonally varying food

sources, temperature, and hypoxia.

The adaptive response to hypoxia (Fig. 5B) can have major ecological consequences
for copepods under a scenario of increasing upwelling in eastern boundary upwelling systems
(Schneider et al. 2016; Xiu et al. 2018). The shoaling of the OMZ upon increased upwelling
will lead to an increased occurrence of conditions with oxygen levels equal or lower than
critical oxygen partial pressure, implying an effective vertical reduction of the normoxic
environment. Our monthly time series of dissolved oxygen in the water column shows that
out of 163 monthly observations, there were 111 occasions (i.e. ca 70%) having oxygen levels
lower than the critical oxygen partial pressure of all species tested within the upper 50 m
layer. This implies strong limitations on the aerobic metabolism of copepods, which given
the frequency of occurrence may have drastic implications for the whole planktonic
community and food webs. Studies show negative effects of hypoxia on the occurrence and
abundance of zooplankton (Roman et al. 2019; Auel & Verheye 2007; Ekau et al. 2010), with

unpredictable consequences for the whole pelagic food web due to alterations at basal levels.
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The vertical distribution and potential migration of copepods becomes crucial to
maximize aerobic metabolism in the water column. Our zooplankton sampling in 2008 shows
that copepods can be found at any depth within the upper 50 m during a winter condition in
the coastal area. For spring-summer conditions we have a previous study carried out in a
nearby area during January 1985 (Castro et al. 2007). The study showed that Acartia tonsa
is concentrated in the upper 20 m, Paracalanus cf. indicus (previously named as P. parvus)
in the upper 30 m, and C. patagoniensis appear to be more widely distributed in the upper 50
m. Interestingly, the summer vertical distribution matches the measured critical partial
pressure of oxygen specific to each species, so its physiological limit to sustain aerobic
metabolism coincides with its ability to exploit different habitat volumes. We do not have
information on the daily vertical migration (DVM) of these species in this area, but for these
small and medium-sized copepods the vertical amplitude of the DVM cannot be greater than
30 m (Tutasi & Escribano 2020), so even carrying out DVM, they can hardly avoid being
exposed to hypoxic water within the upper 50 m. Differential distribution can influence the
impact of hypoxia on the population of the species but also on the entire community. For
example, A. tonsa may be less affected if it resides in shallow, nearshore waters, which are
typically highly oxygenated, in contrast to C. patagoniensis and P. cf. indicus, both live at

greater depths under the influence of the waters of the OMZ.

Despite the potentially differential impact of hypoxia, depending on vertical
distribution, and on the adaptive responses shown (Fig. 5), the three species are indeed
frequently exposed to hypoxic events, which become greatly increased during the spring-
summer conditions. In our experiments, copepod mortality was greater than 70% after

reaching critical oxygen partial pressure, suggesting that copepods in the field are
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experiencing severe episodes of mortality. Previous studies in this region have already shown
that increased upwelling negatively impact copepod abundances (Pino-Pinuer et al. 2014;
Escribano et al. 2012), and this impact may relate to increased hypoxia upon upwelling

intensification.

Ocean deoxygenation appears as a gradual global process triggered by global
warming (Breitburg et al. 2018). However, observations and modeling regarding the
responses of highly productive coastal eastern boundary upwelling systems to global
warming, also indicate and predict the intensification of the wind-driven upwelling
(Schneider et al. 2016; Xiu et al. 2018, Bakun et al. 2010 ). More upwelling implies a shoaling
of the OMZ at the upwelling zone, and a consequent shoaling of the “depth of critical oxygen
partial pressure”, so further reducing the normoxic habitat of copepods. Hypoxia conditions
can lead to changes in behavior upon stress and distribution, and so altering for example
prey-predator interactions. Our results highlight the vulnerability of planktonic copepods to

global warming, even in highly variable environments.

The assessment of plankton community structure through time series observations in
the upwelling zone constitutes the most suitable proxy to examine the community responses
to ongoing deoxygenation. However, the use of molecular methods to examine how
individuals can modify their gene expression to cope with hypoxia, and eventually activate
antioxidant responses, are also necessary approaches when aiming to the understanding and
prediction of the ecological consequences upon expected severe conditions of an oxygen-

deprived water column.
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6. CONCLUSION

It is observed that the copepods that inhabit the OMZ off central-southern Chile are
exposed to hypoxic conditions close to their Pcrit approximately 70% of the time.
Despite this high exposure, adaptive mechanisms are not observed in all species, only
in C. patagoniensis, which has a slightly deeper vertical distribution. In general,
copepods that inhabit the surface layer of the water column do not present adaptive
mechanisms to cope with a hypoxic condition. This response supports hypothesis 1,
indicating that copepod species exposed to hypoxia would have a species-dependent
adaptive response.

Pelagic copepods that are associated with OMZ are multigenerational organisms (>30
cohorts per year). This indicates that different cohorts are exposed to different oxygen
regimes, suggesting the possibility of seasonal adaptation to the prevailing oxygen
levels. However, in our results we did not observe a coupling between the seasonal
cycle and adaptation to hypoxia. During spring-summer the Pcrit values were higher,
while during winter, when the water column is more oxygenated, the Pcrit values were
lower. Furthermore, this response is not accompanied by seasonal changes in the
metabolic rate in P. cf. indicus and A. tonsa. These results reject hypothesis 2 since
although there is a species-specific response, the seasonal cycle of hypoxia is not

coupled with greater tolerance, in response to low oxygen conditions in all species.
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8. ANNEXES
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Figure. S1: The coastal upwelling zone of central-southern Chile in the Southeast Pacific,
illustrating the sampling stations where oceanographic variables were measured and
zooplankton samples were obtained. The square shows the area where copepods were
captured for the experiments. The time series for monthly observations (2002-2020) on

temperature, oxygen and chlorophyll-a was carried out at Station 18.
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Figure S2: Annual Pt for three species of planktonic copepods inhabiting the coastal

upwelling of central-southern Chile. A: C. patagoniensis, B: P. cf. indicus and C: A. tonsa.

Colors represent experiments conducted at different seasons. Vertical arrows signal average

Perit values, and its standard deviation is signaled by the light-yellow shading.
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Figure. S3: Variation of the oxygen content in the water column obtained from the time
series at Station 18 (A) and Zeus monitoring (B) for the study area. Oxygen profiles were

obtained with a SeaBird SBE Conductivity Temperature Depth (CTD) device, equipped with
a SeaBird SBE-43 oxygen sensor.
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Figure S4: Monthly variability in calculated vertical position of Pcrit. Historical monthly
variation in the depth at which Pcit values of three copepods species are encountered in the
water column during the time series study (2002-2019) at Station 18 of central/southern
Chile. A: Calanoides patagoniensis, B: Paracalanus cf. indicus, C: Acartia tonsa. Pcrit were
empirically estimated in two seasons: spring-summer and autumn-winter. Dotted-lines are

smoothed series (3-months moving average).
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Figure S5: Vertical oxygen profiles obtained during plankton sampling to carry out
experiments on respiration rate of copepods. Profiles were obtained with a SeaBird SBE
Conductivity Temperature Depth (CTD) device, equipped with a SeaBird SBE-43 oxygen

sensor.
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Figure S6: Monthly variation in the oxygen concentration in the first 50 m of depth, obtained
from the time series at Station 18 (shown in Fig. S1). Oxygen profiles were obtained with a
SeaBird SBE Conductivity Temperature Depth (CTD) device, equipped with a SeaBird SBE-

43 oxygen sensor.
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Figure S7: Cross-shelf section of oxygen concentration in the coastal upwelling zone of
central-southern Chile during the spring 2008 and the winter 2009 at the latitude of 36°30 S,
illustrating the presence of the oxygen minimum zone (OMZ) in the subsurface layer. The
dotted red line shows the upper limit of the OMZ (1 mL Oz L™Y).
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Table S1: Summary of respiration rate experiments for three planktonic copepods carried

out between January 2021 and October 2021 in central-southern Chile. n=number of

individuals per vial and Inc. time is the incubation time. Temperature was kept constant at

13°C for all experiments in a coldroom and dark condition.

Season Date Species Replicates N°of n Inc. time
vials (hours)

Spring-Summer Jan 2021 C. patagoniensis 2 8 10-15 8

Sept 2021 P.cf. indicus 2 12 40-50 8

Sept 2021 A. tonsa 1 5 30-40 10

Oct 2021 A. tonsa 1 5 30-40 11
Autumn-Winter March 2021 C. patagoniensis 2 8 10-15 9

March 2021 P. cf. indicus 2 4 50 9

May 2021 C. patagoniensis 1 4 10-15 8

May 2021 P.cf.indicus 1 4 40-50 9

May 2021 A. tonsa 1 3 35-40 10

Table S2: Two-way ANOVA to test the effects of season and species on the respiratory rate

(MR) and Pcrit of three copepod species, Calanoides patagoniensis, Paracalanus cf. indicus

and Acartia tonsa.

Dependent variable Effect d.f F-ratio /P-value
MR Season 1 5.448 0.028*
(umol O, pug Cth?) Species 2 70.87 0.000**
Season X species 2 2.488 0.103
Perit Season 1 24.51 0.000**
(kPa) Species 2 0.214 0.809
Season x species 2 3.202 0.058
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Table S3: One-way ANOVA to test the effect of season on the respiratory rate (MR) and
Pcrit Of three copepods from the upwelling zone of central-southern Chile. *=Significant
effect (P<0.05), **=Highly significant effects (P<0.01), ns=non-significant.

Species Variable F-ratio P-value
C. patagoniensis MR 6.525 0.03*
Perit 1.012 0.34 ns
P. cf. indicus MR 0.283 0.61 ns
Perit 17.013 0.00**
A. tonsa MR 1.627 0.24 ns
I:)crit 22.425 0.00**

Table S4: Mean + standard deviation of copepod sizes from variable experimental periods.
(n) is the number of organisms measured. t-test was applied to C. patagoniensis and A. tonsa,
while for P. cf. indicus we applied a one-way ANOVA. ns=non-significant differences
(P>0.05).

Species Month Size pm (n) t-test/ ANOVA
C. patagoniensis January 2019 + 168.9 (13) 0.177 ns
August 1925 + 153.2 (10)
P.cf. indicus April 746 £21.61 (14) 0.472 ns
July 753 + 28.68 (16)
August 766 £ 20.41 (6)
A. tonsa May 965 £83.27 (19) 0.618 ns
October 971 £75.23 (13)
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Table S5: Mean and standard deviation of Pcrit (kPa) to 10, 13 and 15°C to copepods

estimated from slope of curve (Pcrit Vs MR).

Species Perit (kPa)
10°C 13°C 15°C
C. patagoniensis S-S 3.29+£3.192 3.83£10.220 5.09+4.571
A-W 2.30+0.710  3.18+2.803  4.02+1.570
P.cf. indicus S-S 3.59+0.803  4.64+0.571 5.22+1.885
A-W 1.99+0.593 2.77+0.638 2.962+1.170
A. tonsa S-S 3.85+0.551  4.90+2.025  3.21+0.853
A-W 1.72+0.785 2.33+0.775  2.81+1.359

Table S6: The slopes + Standard deviation of the oxyconforming regression after fitting the
two-step regression model of metabolic rate as a function of oxygen pressure (kPa) to
estimate Pcrit in three copepods species. Seasonal effects on the slopes were tested by two-
tailed t-test. *Significant differences (P<0.05), ns=non-significant differences (P>0.05).

Species Slope 1 Slope 2 d.f t-test

C. patagoniensis 0.604+0.132 0.430+0.162 11 2.76*
P. cf. indicus 0.071+0.020 0.102+0.028 11 2.99*
A. tonsa 0.104+0.051 0.132+0.080 9 0.90ns

Slope 1= spring-summer
Slope 2= autumn-winter
d.f=degrees of freedom

t-test= two-tailed Student test
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Table S7: Time to reaching Pcrit (T) and time to survival (TS) after reaching Perit, and

percentage of survivors (NS) after reaching Perit.

Species Perit (KPa) T (hours) TS NS

C. patagoniensis 3.42 4 3 28%
P. cf. indicus 3.79 5 7 24%
A. tonsa 4.05 8 5 26%

Table S8: Location and depth strata used for zooplankton sampling performed in August

2008 in the coastal upwelling zone of central-southern Chile. Sampling was carried out with

a midi-type Hydrobios Multinet horizontally towed. Station locations are also illustrated in

Fig. S1.

Station latitude

Longitude

Depth strata

Stl 36.5

73.02

40-30
30-20
20-10
10-0

St18 36.5

73.12

80-60
60-40
40-20
20-0

St3 36.5

73.34

100-70
70-50
50-20
20-0

St4 36.5

73.54

200-90
90-60
60-30
30-0

St5 36.5

73.712

500-300
300-200
200-100
100-0
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