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RESUMEN 

 

Los sistemas de surgencia de borde oriental (EBUS) son regiones marinas del océano 

mundial de importancia ecológica y económica. En estos sistemas, el zooplancton desempeña 

un papel clave en la transferencia de energía en las tramas tróficas. Estudios recientes 

muestran que el calentamiento global está provocando una desoxigenación gradual de los 

océanos del mundo, mientras que en EBUS una expansión vertical de la zona mínima de 

oxígeno subsuperficial (OMZ) lo que exacerba aún más las condiciones hipóxicas para el 

zooplancton que habita en la zona de surgencia costera. La hipoxia puede afectar al 

zooplancton al alterar sus tasas metabólicas, migración, reproducción y desarrollo. Sin 

embargo, estos efectos dependen de algunas adaptaciones específicas de los organismos que 

han evolucionado en hábitats, permanente o episódicamente, sujetos a aguas con poco 

oxígeno. 

En el capítulo 1 se analizó las respuestas diferenciales en las tasas metabólicas de tres 

especies de copépodos, Calanoides patagoniensis, Paracalanus cf. indicus y Acartia tonsa 

expuestos a condiciones experimentales de hipoxia. Estas condiciones de bajo oxígeno, 

fueron asociadas a dos periodos del año: surgencia activa (primavera-verano) y no surgencia 

(otoño-invierno). Los resultados muestran que Calanoides patagoniensis duplicó su tasa 

metabólica durante la temporada de surgencia, indicando que aprovecha mejor la floración 

de fitoplancton de primavera-verano para alimentarse y reproducirse, manteniendo su presión 

parcial de oxígeno crítica sin cambios entre estaciones. Por el contrario, Paracalanus cf. 

indicus y Acartia tonsa, mantuvieron sus tasas metabólicas a lo largo de las estaciones, pero 

aumentaron significativamente su presión parcial crítica de oxígeno durante el período de 
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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 oxígeno igual o inferior a la presión parcial crítica de oxígeno es una condición común 

(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 metabólica y la presión parcial 

crítica de oxígeno. Estas respuestas adaptativas dependientes de las especies, sugieren que la 

hipoxia exacerbada, impulsada por la desoxigenación del océano y el aumento de la 

surgencia, conducirá a un cambio en la distribución vertical de los copépodos como 

consecuencia de una compresión del hábitat, y aumentando su mortalidad, con consecuencias 

potencialmente drásticas para las tramas tróficas marinas. 

En el capítulo 2 se realizó una síntesis bibliográfica de las respuestas adaptativas del 

zooplancton para resistir a la hipoxia leve o grave y el eventual estrés oxidativo derivado de 

condiciones de oxígeno altamente fluctuantes, en sistemas de surgencia de borde oriental 

(EBUS). Estudios recientes dan cuenta de una expansión vertical de la zona de mínimo 

oxígeno junto con una intensificación de la surgencia costera impulsada por el viento, 

exacerbando las condiciones hipóxicas para el zooplancton que habita la zona de surgencia 

costera. La presencia o ausencia de respuestas adaptativas puede desempeñar un papel crucial 

en la dinámica del zooplancton en EBUS con importantes consecuencias para su red 

alimentaria y su productividad biológica. 
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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 
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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 Niño/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 
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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 O2 in the ocean is governed by both physical, biogeochemical 

and biological processes (Fig. 2). The ocean gains O2 in the upper layer (0–100 m) due to 

photosynthesis and dissolution from the atmosphere in undersaturated waters near the 

surface. Conversely, O2 is lost due to the diffusion of O2 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, O2 deficient zones 

are mostly in the benthic boundary layer where the O2 consumption by respiration outpaces 

the O2 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 O2 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 

et al. 2017). 
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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 
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repercussions in the biotic environment, such as the displacement of suitable habitats 

(Grantham et al. 2004; Breitburg et al. 2018).  

 

 

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) 
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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 μmol kg -1), 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 
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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. 
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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. 
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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. 

 

Figure 4: Zooplankton abundances, biomass, and oxygen. For oxygen (top row), purple 

shading indicates low oxygen (≤5 µM, 0.11 mL/L), and gray shading indicates high oxygen 

(≥8 µM, 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). 

  



12 
 

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)). 
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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 & Quiñones. 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 O2 L
-1 (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 O2 L−1 (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). 

 

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 O2 L
-1 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 & Quiñones 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 ρO2 at which the rate of oxygen 

consumption (metabolic rate) is no longer independent of ρO2 (Fig. 1.6). Pcrit can also be 

defined as the ρO2 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 ρO2 (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 (Flück et al. 2007) while 

others are regulated physiologically. By contrast, animals whose metabolic rate drops with 

declining ρO2 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 (ρO2 > Pcrit). This oxygen consumption 

rate can be decreases with decreasing environmental oxygen tension (ρO2 < Pcrit) in 

oxyconformers organisms (Rogers et al. 2016). 

In their work, Connett et al. (1990) provided a framework for understanding the 

influence of ρO2 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 ρO2 decreases, this measured by the total energy demand 

(ATP), as well as the critical ρO2 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 

(ρO2) 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 Pcrit 

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 ρO2 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 (O2
-.), hydroxyl radical (•OH), 

and hydrogen peroxide (H2O2) (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 

3.1 STUDY 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 27ºS in summer and 32ºS in winter (Strub 

et al. 1998; Blanco et al. 2001; Schneider et al. 2016), where high rates of primary production 

have been estimated (> 10 g C m-2 d-1) (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 

et al. 2007; Landaeta et al. 2008; Escribano et al. 2016), which can reach their highest growth 

rates in spring- summer (Anabalón et al. 2007). The area off Concepción (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). 

 

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

autumn-winter 2021. 

 

 

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 μm 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 pO2 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 

____________________________________________________________  
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 

___________________________________________________________________ 
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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 (μmol) 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 (μg 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: ((Of-Oi)* Conversion Factor * Volume) / (Time * Weight) 

Where, Of-Oi 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 (µm) (N)  t-test/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). Pcrit 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 Pcrit. 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/lno.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 desoxigenación de los océanos está amenazando a los organismos marinos 

y las redes alimentarias en todo el mundo. En los sistemas de surgencia de borde oriental, los 

copépodos planctónicos dominan la biomasa del zooplancton, siendo cruciales en la trama 

trófica marina. Sin embargo, deben hacer frente a la hipoxia severa causada por la zona 

mínima de oxígeno (OMZ). Con base en experimentos de laboratorio realizados durante 

2021, encontramos respuestas diferenciales en la tasa metabólica de tres especies abundantes 

de copépodos. Calanoides patagoniensis duplicó su tasa metabólica durante la temporada de 

afloramiento, por lo que aprovecha mejor la floración de fitoplancton de primavera para 

alimentarse y reproducirse, manteniendo su presión parcial de oxígeno crítica sin cambios 

entre estaciones. Por el contrario, Paracalanus cf. indicus y Acartia tonsa, mantuvieron sus 

tasas metabólicas a lo largo de las estaciones, pero aumentaron significativamente su presión 

parcial crítica de oxígeno durante el período 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 oxígeno iguales o inferiores a la presión parcial crítica de oxígeno es una 



35 
 

condición común (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 

metabólica y la presión parcial crítica de oxígeno, donde una especie es capaz de mantener 

esta última a pesar de las fluctuaciones en su tasa metabólica (mejor tolerancia a la hipoxia) 

o mantener su tasa metabólica a expensas de una mayor presión parcial crítica de oxígeno 

(mejor gasto de energía). Estas respuestas adaptativas dependientes de las especies, bajo 

niveles de oxígeno ≤ la presión parcial crítica de oxígeno, sugieren que la hipoxia exacerbada, 

impulsada por la desoxigenación oceánica y el aumento de la surgencia, conducirá a una 

compresión vertical del hábitat, cambiando la distribución de los copépodos y aumentando 

su mortalidad, con consecuencias potencialmente drásticas para las tramas tróficas marinas. 
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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 ecológica y económica. En estos sistemas, el zooplancton desempeña 

un papel fundamental en la transferencia de la producción primaria a través de la red 

alimentaria. Estudios recientes muestran que el calentamiento global está provocando una 

desoxigenación gradual de los océanos del mundo, mientras que en EBUS se está 

produciendo una expansión vertical de la zona mínima de oxígeno sub-superficial (OMZ) 

junto con un aumento de la surgencia impulsadas por el viento, lo que exacerba aún más las 

condiciones hipóxicas para el zooplancton que habita en la zona de surgencia costera. La 

hipoxia puede afectar al zooplancton al alterar su respiración, migración, reproducción y 

desarrollo. Sin embargo, estos efectos dependen de algunas adaptaciones específicas de los 

organismos que han evolucionado en hábitats, permanente o episódicamente, sujetos a aguas 

con poco oxígeno. Se han descrito diversas adaptaciones metabólicas, fisiológicas, 

conductuales y morfológicas en el zooplancton que interactúa 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 oxígeno altamente fluctuantes no se han 

abordado completamente en la EBUS. La existencia o falta de tales respuestas adaptativas 

puede desempeñar un papel crucial para la dinámica del zooplancton en EBUS con 

importantes consecuencias para su red alimentaria y productividad biológica, y el objetivo 

de explorar esto aquí. 
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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. Various 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 

(OMZ) (Gregoire et al., 2021). These OMZ systems are defined by their extremely low 

oxygen concentrations (<20-45 μmol 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.     

 

Figure 1: Projected effects of increasing upwelling in eastern boundary upwelling systems 

(EBUS). A) Under present (initial) conditions, wind-driven upwelling rises the OMZ system 
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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).  

 

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. 

 

 

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) 



59 
 

and spring-summer (red line) in a coastal upwelling zone, where Pcrit will move following 

changes in MR and the slope (α) of the oxyconforming segment remains constant (A), an 

adaptive response 1 in which Pcrit increases upon a changing oxyconforming slope (α) to 

maintain a constant MR (B), and an adaptive response 2, where Pcrit  is maintained constant 

by increasing α during the upwelling season (C) (modified from Frederick et al, 2024). Here, 

the oxyconforming segment refers to the metabolic rate under oxygen levels below Pcrit, 

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-

Bugueño 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 & Quiñones, 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 O2 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 c, AMP-activated protein kinase (AMPK), the release of mitochondrial DNA 

(mtDNA) and TCA (tricarboxylic acid) cycle metabolites (Martínes-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 (O2) 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 (O2-.), hydroxyl radical (•OH), and hydrogen peroxide (H2O2) (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 

et al 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-

Bugueño 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.  

 

 

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 µM in the photic zone, and subsequent 

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) ↑GST   von Weissenberg et al, 2021 

   Acartia sp.   Y Temp/pH/DO  ↑GST   Glippa et al, 2018 

Calanus pacificus Y* Temp/pH  ↑GST   Engström-Öst et al, 2019 

 Limnocalanus macrurus Y Contaminants  ↑SOD/↓LPX  Vuori et al 2015  

Eurytemora affinis Y Temp/Sal  ↑GST   Cailleaud et al, 2007 

 

Euphausiacea  Nictiphanes simplex Y* Temp/Sal  ↑SOD/CAT/GST  Tremblay et al, 2010  

Nematocelis difficilis N* Temp/Sal  ↑SOD/CAT/GST  Tremblay et al, 2010 

   Euphausia eximia Y* Temp/Sal  ↑SOD/CAT/GST/↓LPX Tremblay et al, 2010 

  

 

Mysidae   Neomysis awatschensis Y DO   ↓SOD/↑↓CAT-LDH Wang et al, 2021 

 

Pteropoda  Limacina helicina Y* Temp/pH  ↑GR/CAT/↓LPX  Engström-Öst et al, 2019  

 

Decapoda   Scylla serrata  N Seasonal effect  ↑SOD/CAT/GPX  Kong et al, 2008 

   

Cephalopoda  Sepiella maindroni NI DO   ↑↓SOD-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 
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hypoxia (O2 < 3 µM), when diving down to 200 m at the sunrise, can take less than 3 hours 

(Riquelme-Bugueño 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). 

 

 

Figure 4: Changes in the daily vertical migration and short-term response to oxidative stress 

in zooplankton. Illuminated 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.     

 

 

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 



67 
 

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 Pcrit. 

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 (α) 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 (α), 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 

 

 
 

 

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 Pcrit 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 

Pcrit 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 Pcrit 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 O2 L
-1). 
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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* 

(µmol O2 µg C-1h-1)  Species 2  70.87  0.000** 

Season x species 2 2.488  0.103 

______________________________________________________________________________ 

          Pcrit   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* 

   Pcrit  1.012  0.34 ns 

__________________________________________________________  

P. cf. indicus  MR  0.283  0.61 ns 

   Pcrit  17.013  0.00** 

__________________________________________________________  

A. tonsa  MR  1.627  0.24 ns 

   Pcrit  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 µm (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  Season         Pcrit (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 Pcrit, and 

percentage of survivors (NS) after reaching Pcrit.   

_________________________________________________________ 

Species   Pcrit (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 

_________________________________________________________ 

St1  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  

_________________________________________________________ 


