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Abstract

Abstract

Increasing atmospheric CO2 levels and rising global temperatures have intensified re-

search on the ocean’s role in carbon store. Biological processes play a crucial role in

the ocean carbon cycle, transferring carbon from the surface to deeper waters as organic

matter through the biological carbon pump. However, the exact contribution of these pro-

cesses to the carbon export remains poorly understood across much of the ocean. Marine

zooplankton, a diverse group of protistan and metazoan consumers, are key components

of pelagic food webs, linking primary producers to higher trophic levels and recycling

nutrients. Their sensitivity to environmental changes makes them valuable sentinels for

long-term monitoring and for understanding climate change impacts on marine ecosys-

tems. Here, we compiled and analyzed five decades (1971–2021) of mesozooplankton

biomass data to assess temporal variability in three productive areas of the Canary Current

System: North, South and around the islands, and close to the Northwest African coas-

tal upwelling system. Using a Generalized Additive Mixed Model, we examined biomass

trends over time, accounting for spatial differences, seasonal cycles, and diel variations.

Our analysis revealed a significant long-term decline in mesozooplankton biomass north

of the Canary Islands over the 50-year time-series, in contrast to more stable trends in the

South and island-associated regions. Additionally, we observed significant differences in

biomass between daytime and nighttime periods and across the annual cycle.

Zooplankton biomass, abundance, and size spectra varied seasonally, with higher chlo-

rophyll a concentrations and primary production during the Late Winter Bloom (LWB)

compared to the stratified season (SS), particularly in upwelling-influenced area. Cluster

analysis of abundance distribution grouped stations by season (LWB vs SS) and identified

a distinct group in the upwelling influenced area. Size-spectra analysis showed that food

web were controlled by top-down processes during the LWB, while strong bottom-up pro-

cesses dominated the SS due to food-limited conditions. We also observed a significant
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difference between day and nighttime size spectra due to diel vertical migrations.

To further investigate zooplankton and micronekton-mediated carbon flux, we exami-

ned respiratory and active fluxes, which remain poorly understood. We first assessed this

gap by the thorough evaluation of euphausiids’ respiration rates to improve carbon trans-

port estimates using a Generalized Additive Model. Our results indicate that epipelagic

oxygen concentration, chlorophyll a, and the interaction between epipelagic temperature

and mesopelagic oxygen concentration significantly influenced euphausiids’ respiration

rates. We also found a strong correlation between respiration (R) and specific electron

transport system (ETS) activity, with R/ETS ratios exceeding the commonly assumed con-

servative value of 0.5 for respiratory flux estimation.

Finally, we estimated total active carbon flux (zooplankton and micronekton) from the

Mediterranean Sea to the Atlantic Ocean around the Iberian Peninsula. Zooplankton active

flux was higher in the oligotrophic Mediterranean waters than in the Atlantic Ocean (77.2

± 21.2 vs 14.8 ± 3.4 mg C·m→2·d→1, respectively), whereas micronekton active flux was

greater in the Atlantic waters (15.1 ± 9.4 vs 7.9 ± 6.8 mg C·m→2·d→1). Crustaceans, parti-

cularly decapods, played a dominant role in active carbon transport, especially in northern

Atlantic stations, highlighting their ecological importance in the biological carbon pump.
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Resumen

Resumen

El aumento de los niveles atmosféricos de CO2 y el incremento de las temperaturas

globales han intensificado la investigación sobre la capacidad del océano para almacenar

carbono. Los procesos biológicos desempeñan un papel crucial en el ciclo del carbono

oceánico, transfiriendo carbono desde la superficie hacia aguas más profundas en forma de

materia orgánica a través de la bomba biológica de carbono. Sin embargo, la contribución

exacta de estos procesos a la exportación de carbono sigue siendo poco conocida en gran

parte del océano. El zooplancton marino, un grupo diverso de consumidores protistas y

metazoos, es un componente clave de las redes tróficas pelágicas, ya que vincula a los

productores primarios con niveles tróficos superiores y recicla nutrientes. Su sensibilidad

a los cambios ambientales los convierte en un grupo clave para el monitoreo a largo plazo

y para comprender los impactos del cambio climático en los ecosistemas marinos.

En este estudio, recopilamos y analizamos datos de biomasa de mesozooplancton du-

rante cinco décadas (1971–2021) para evaluar su variabilidad temporal en tres áreas pro-

ductivas del Sistema de la Corriente de Canarias: el norte, el sur y las aguas alrededor de

las islas, cercanas al sistema de afloramiento costero del noroeste de África. Mediante un

Modelo Aditivo Mixto Generalizado, examinamos las tendencias de biomasa a lo largo

del tiempo, considerando diferencias espaciales, ciclos estacionales y variaciones diarias.

Nuestro análisis reveló una disminución significativa de la biomasa de mesozooplancton

en el norte de las Islas Canarias durante la serie temporal de 50 años, en contraste con ten-

dencias más estables en el sur y en las regiones carcanas a las islas. Además, observamos

diferencias significativas en la biomasa entre los períodos diurnos y nocturnos, así como a

lo largo del ciclo anual.

La biomasa, abundancia y espectros de tamaño del zooplancton variaron estacional-

mente, con concentraciones más altas de clorofila a y mayor producción primaria durante
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la época productiva (LWB, por sus siglas en inglés Late Winter Bloom) en comparación

con la época estratificada (SS, por sus siglas en inglés Stratified Season), especialmente en

las áreas influenciadas por el afloramiento. El análisis de agrupamiento de la distribución

de abundancia clasificó las estaciones en dos grupos principales según la temporada (LWB

vs SS) y un grupo distinto en la región de afloramiento. El análisis de espectros de tamaño

indicó que la red trófica estuvo controlada por procesos denominados top-down durante el

LWB, mientras que en la SS predominó un fuerte control bottom-up debido a condiciones

limitadas de alimento. También observamos diferencias significativas entre los espectros

de tamaño diurnos y nocturnos debido a la migración vertical diaria.

Para comprender mejor el flujo de carbono mediado por zooplancton y micronekton,

examinamos los flujos respiratorio y activo, que siguen siendo poco conocidos. Para abor-

dar esta brecha, evaluamos en detalle las tasas de respiración de los eufausiáceos utilizando

un Modelo Aditivo Generalizado con el fin de mejorar las estimaciones del transporte de

carbono. Nuestros resultados indican que la concentración de oxígeno epipelágico, la clo-

rofila a y la interacción entre la temperatura epipelágica y la concentración de oxígeno

mesopelágico influyeron significativamente en las tasas de respiración de los eufausiá-

ceos. Además, observamos una fuerte correlación entre la respiración (R) y la actividad

específica del sistema de transporte de electrones (ETS), con valores de R/ETS superiores

al conservador 0.5 utilizado comúnmente para estimar el flujo respiratorio.

Finalmente, estimamos el flujo total de carbono activo (zooplancton y micronecton)

desde el mar Mediterráneo hasta el océano Atlántico en torno a la Península Ibérica. El

flujo activo de zooplancton fue mayor en las aguas oligotróficas del Mediterráneo que en

el océano Atlántico (77.2 ± 21.2 frente a 14.8 ± 3.4 mg C·m→2·d→1, respectivamente),

mientras que el flujo activo de micronecton fue superior en el Atlántico (15.1 ± 9.4 frente

a 7.9 ± 6.8 mg C·m→2·d→1). Los crustáceos, en particular los decápodos, desempeñaron un

papel dominante en el transporte activo de carbono, especialmente en las estaciones del

Atlántico norte, destacando su importancia ecológica en la bomba biológica de carbono.
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Introduction

Introduction

Marine zooplankton comprise a phylogenetically and functionally diverse assemblage

of protistan and metazoan consumers occuping multiple trophic levels in pelagic food

webs (Fig. 1.1). These organisms span a wide size range and are categorized into three op-

erational size classes: microzooplankton, mesozooplankton, and macrozooplankton. The

microzooplankton size class (<200 µm) is dominated by unicellular protistan consumers

but also includes smaller juvenile stages of metazoan zooplankton species (Paffenhöfer,

1998; Quevedo and Anadón, 2000). Mesozooplankton (0.2–20 mm) primarily consists

of copepods, euphausiids, jellyfish, chaetognaths, amphipods, marine gastropods, poly-

chaetes, and ostracods, alongside large protists such as pelagic foraminifera and radiolaria

(Stoecker et al., 1996). Finally, the term macrozooplankton is commonly used for larger

planktonic animals (>20 mm), such as large gelatinous zooplankton.

This taxonomic diversity is reflected in their ecological roles, which are shaped by

their physiology, feeding strategies, and life cycles. Zooplankton play a key role in ma-

rine ecosystems as trophic links between primary producers and higher consumers, such

as fish and decapods. By consuming prey populations and serving as food for predators,

they influence biomass stocks across trophic levels (Vanni, 2002). Additionally, zooplank-

ton regulate microbial communities by grazing on algae and bacteria while also supplying

nutrients, such as nitrogen and phosphorus, back to phytoplankton (Sterner, 2009; Kali-

nowska et al., 2024). Through these processes, zooplankton mediate the transformation

of particulate carbon and nutrients into dissolved pools, influencing marine biogeochem-

ical cycles (Steinberg and Landry, 2017). Their short generation times and sensitivity to

environmental cues make them valuable indicators of climate change impacts on marine

ecosystems (Hay, 2009).
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Figure 1.1. Image illustrating the high diversity of zooplanktonic organisms. Photo Credit:
Marine Biological Association.

Despite their relatively small size, many zooplankton species undertake extensive on-

togenetic and/or diel vertical migrations, often exceeding 200 m depth (Hays et al., 2001;

Harris et al., 2014). These migrations contribute to biogeochemical cycling by transport-

ing organic carbon to deeper waters via respiration (Longhurst et al., 1990), excretion

(Steinberg et al., 2002), gut flux (Angel, 1989), and mortality (Zhang and Dam, 1997). As

a result, zooplankton play a crucial role in the efficiency of the biological carbon pump,

regulating carbon exchange between the atmosphere, the surface ocean, and the deep sea

(Kwon et al., 2009; Parekh et al., 2006).
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Figure 1.2. Scheme of the Biological Carbon Pump. Figure modified from U.S. Joint
Global Ocean Flux Study (U.S. JGOFS).

The biological carbon pump (Fig. 1.2) describes the set of mechanisms driving the car-

bon flux from the euphotic to the meso- and bathypelagic layers through interactions be-

tween the physical, chemical, and biological components of the pelagic system (Longhurst

and Harrison, 1989). One critical component of this pump is the active flux, referring to the

transport of organic matter by vertically migrating meso- and bathypelagic zooplankton

and micronekton (Longhurst and Harrison, 1988). These organisms perform diel vertical

migrations, remaining at depth during daylight hours, moving upwards near the surface at

night to feed, and returning to depth before dawn (Lampert, 1989; Steinberg et al., 2002;

Bianchi et al., 2013). A key outcome of these up-and-down movements is the transport

of organic matter to the deep sea (Romero-Romero et al., 2019), where it is remineralized

and may remain sequestered for years to centuries (Nowicki et al., 2022; Pinti et al., 2023).
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While active flux has been widely studied in zooplankton (Hernández-León et al.,

2019b), empirical investigations of both zooplankton (0.2–20 mm) and micronekton (2–20

cm, including mesopelagic fish and decapods) remain limited. To date, only five studies

have concurrently examined their active flux contributions: Hidaka et al. (2001) in the

North Pacific, Ariza et al. (2015) and Hernández-León et al. (2019) in the North Atlantic,

Kwong et al. (2020) in Southeast Australia, and Baker et al. (2025) in the Southern Ocean.

Consequently, our knowledge on the relative importance of these two groups is limited,

with significant gaps in understanding how their contributions to active flux vary across

regions or environmental conditions.

To assess the contributions of zooplankton to the biological carbon pump, it is essential

to evaluate their biomass, abundance, and size distribution, as these factors directly influ-

ence transfer efficiency and predator-prey dynamics. Body size is a primary determinant

of energy flow, species diversity, and population structure (Peters and Wassenberg, 1983;

Woodward et al., 2005). Marine size-structured food webs constrain prey-predator inter-

actions (Li et al., 2018) and regulate biomass, physiology, and growth rates across trophic

levels (Carpenter et al., 1987; Vanni and Findlay, 1990). A widely used method for charac-

terizing zooplankton communities is the normalized biomass size spectrum (NBSS) (Fig.

1.3) (Martin et al., 2006; Sprules and Munawar, 1986). NBSS parameters provide insights

into the ecological processes shaping zooplankton communities, including trophic inter-

actions, environmental drivers, and energy flow (Sprules and Munawar, 1986). The slope

of the NBSS, which relates biomass to body size, is a key metric: a slope steeper than -1

indicates dominance by smaller zooplankton, whereas a flatter slope suggests a more even

biomass distribution across size classes (Zhou, 2006; Atkinson et al., 2021). The NBSS

intercept reflects energy availability at the base of the food chain (Platt and Denman, 1978;

Zhou, 2006).
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Figure 1.3. Conceptual diagram illustrating of an ecosystem’s normalized biomass size
spectrum (NBSS; solid purple line) expressed as log-log biomass size class against nor-
malized biomass (i.e., total biomass in logarithmic size bin/width of size bin). The dashed
lines represent underlying biomass domes (i.e., phytoplankton, zooplankton, and nekton).

Zooplankton are also key indicators of ecosystem health and global change, particu-

larly given the dynamic nature of oceanic physical and chemical conditions. Understand-

ing the spatiotemporal variability of zooplankton communities is essential for assessing

ecosystem structure and function (Zhao et al., 2022) and predicting climate change im-

pacts (Batchelder et al., 2013; Hays et al., 2005; Shi et al., 2020), which has already af-

fected zooplankton biomass, abundance, composition, size structure, phenology, and dis-

tribution in different marine regions (Richardson, 2008; Mackas et al., 2012; Brun et al.,

2019; Conroy et al., 2023; Huggett et al., 2023; Kodama et al., 2022). These shifts have

cascading effects on biogeochemical cycles, diel vertical migrations, and the efficiency

of carbon flux (Brun et al., 2019), as well as food-web structure and energy transfer (Rat-

narajah et al., 2023). Long-term monitoring programs provide essential data on seasonal to
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decadal variations in zooplankton communities at local, regional, and global scales (Pitois

and Yebra, 2022). Time series analyses are particularly valuable for identifying trends in

productivity-related processes, such as recruitment and food web interactions (Beaugrand

and Reid, 2003; Brosset et al., 2016; Yebra et al., 2020). Given the increasing pressures on

marine environments, expanding observational data on zooplankton is crucial for tracking

ecosystem changes and informing conservation efforts (Parr et al., 2003).

In summary, zooplankton are central to marine food webs, biogeochemical cycles, and

climate change research. However, knowledge gaps persist regarding their role in active

flux and their response to environmental change. Addressing these uncertainties requires

integrated approaches that combine biomass and size spectrum analyses with long-term

monitoring to enhance our understanding of zooplankton contributions to oceanic carbon

cycling and ecosystem dynamics.
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1.1. Motivation

The overarching goal of this dissertation is to evaluate the zooplankton biomass, abun-

dance, size structure, and carbon flux in different areas of the North Atlantic Ocean. While

changes in zooplankton had been observed across the region, common or contrasting pat-

terns across time-series stations remain underexplored (Pitois and Yebra, 2022). Due to

the absence of a fixed monitoring station, we reviewed, gather, and curate all available

mesozooplankton biomass data to analyse the variability over the last five decades (1971-

2021) in three different productive areas of the Canary Current System, establishing a

crucial baseline for future research. Additionally, this dissertation investigates the distri-

bution, abundance, composition, and size spectra of zooplankton over the annual cycle in

both open-ocean and upwelling-influenced regions.

Furthermore, this thesis presents the first evaluation of euphausiids’ respiration rates

using a Generalized Additive Model, providing more accurate estimations and deeper in-

sights into carbon transport. It also contributes to the field by offering the sixth com-

prehensive study on total active flux, incorporating both zooplankton and micronekton,

alongside assessments of passive flux.
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1.2. Thesis outline

This thesis establishes a mesozooplankton biomass baseline over the last five decades

(1971–2021) in three areas of the Canary Current System. It explores spatial, temporal,

and diel patterns of mesozooplankton biomass, abundance, taxonomic composition, size

spectra, and carbon flux across different regions of the Atlantic Ocean. The dissertation is

structured into four main chapters, each addressing a specific aspect of the mesozooplank-

ton community. Every chapter includes an introduction, a detailed explanation of data and

methodology, and a thorough discussion of the results.

Chapter 2 establishes the mesozooplankton community biomass baseline over five

decades (1971–2021) in three distinct areas of the Canary Current System across different

productive seasons and light periods. This chapter, published in Progress in Oceanogra-

phy, employs a Generalized Additive Mixed Model to analyze the spatial, temporal, and

diel patterns of the mesozooplankton community. Further analyses of seasonal and spatial

fluctuations in mesozooplankton size spectra, abundance, and biomass are presented in

Chapter 3, published in Marine Environmental Research.

Different aspects of the active flux performed by the mesozooplankton community are

discussed in Chapters 4 and 5. Chapter 4, published in Frontiers in Marine Science, eval-

uates the respiration rates of a key mesozooplankton group to provide accurate estimates

of mesozooplankton active flux. Chapter 5, currently under review in Limnology and

Oceanography, investigates the spatial variability of mesozooplankton and micronekton

active flux. This chapter presents a comprehensive assessment of total active flux across

different regions of the Atlantic Ocean and the Mediterranean Sea, offering novel insights

into active flux dynamics. Finally, Chapter 6 provides a synthesis of the main findings and

concluding remarks.
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2.1. Abstract

Mesozooplankton have been widely used as a bioindicator of marine ecosystems due to

their key position in ocean food webs, rapid response to environmental changes, and ubiq-

uity. Here, we show mesozooplankton biomass values in the Canary Current System from

1971 to 2021 in three different areas in relation to mesoscale activity: (1) scarcely affected

by mesoscales structures (North of the Canary Islands), (2) affected by mesoscale activity

and the presence of the islands (South and around the islands), and (3) close to the North-

west African coastal upwelling system (Upwelling influenced). A Generalized Additive

Mixed Model (GAMM) was used to analyze the general mesozooplankton biomass trend

throughout the studied period discriminating differences in biomass between the areas, an-

nual cycle, and day-nighttime periods. The GAMM showed a significant negative biomass

tendency North of the Canary Islands over the 50-year time-series compared to the South

and around the islands, and significant differences between day and nighttime periods

(p<0.001) and the annual cycle (p<0.0001). Linear regression analyses showed differ-

ent tendencies depending on the area, season, and period. When comparing biomass data

of the most oligotrophic zone (north of the islands) with other tropical-subtropical time-

series stations in Hawaii (HOTS) and Bermuda (BATS), we obtained increasing biomass

tendencies for both fixed time stations but decreasing tendency for our time-series.

Keywords: Time-series, Mesozooplankton biomass, Canary Current System, GAMM,

Seasonality
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2.2. Introduction

Zooplankton are the suitable sentinel through long-term monitoring due to their key

role in almost all the marine food-web. They are responsible for multiple ecosystem ser-

vices: from regulating fish recruitment via grazing on primary producers or feeding upon

microzooplankton (Lomartire et al., 2021) to the transport of carbon downwards into the

deep-sea (Hernández-León et al., 2020). Zooplankton mediate the export and seques-

tration of carbon through (1) consumption of large suspended particles decreasing their

sinking rates (Svensen and Nejstgaard, 2003; Mayor et al., 2020), and through (2) diel

vertical migrations (DVMs) enhancing active carbon transport efficiency. The outcome of

these DVMs influence fish migration, food availability (Perissinotto and McQuaid, 1992),

marine food webs trophic interactions (Sommer and Stibor, 2002; Trebilco et al., 2020),

population dynamics, flux of energy (Winemiller and Polis, 1996), and recycling processes

in the upper ocean (Legendre and Rivkin, 2005; Serranito et al., 2016).

Long-term series become the approach for understanding the natural variability of ma-

rine systems and detecting anthropogenic environmental changes (see Parr et al., 2003).

Especially nowadays that climate change is a global threat for marine ecosystems, time-

series are a valuable tool for tracing those changes. Although effects of climate change on

ocean ecosystems are not fully understood, it is known that external variations of tempera-

ture or salinity might result in a cascade of indirect interactions and feedbacks through the

food web with unpredictable consequences (Johnson et al., 2011; Marshall and Alvarez-

Noriega, 2020). During the last decades, anthropogenic pressure over marine ecosystems

led into a general tendency for developing plankton indicators to report on ecosystems

status and trends (Serranito et al., 2016; Bedford et al., 2020), as plankton community

changes are more likely to happen at a shorter time span compared to higher trophic lev-

els (Hays et al., 2005; Serranito et al., 2016). Thus, under the currently climate change

scenario, long-term monitoring has become a major concern in biological oceanography
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providing crucial information of the habitat conditions, dynamics, and species status, as

well as giving integral science support for ecosystem-based management of resources,

activities, and services (Harvey et al., 2020). This not only enables the assessment of

ecosystem services and the impacts of human activities, but also helps to forecast future

trends (Kaufman et al., 2009; Bedford et al., 2020).

The Canary Current System (CCS) is located within the eastern boundary gyre of the

North Atlantic Ocean, comprising oceanic oligotrophic waters and the upwelling system

off Northwest Africa, showing high variability in physical, chemical, and biological prop-

erties (Barton et al., 1998). The CCS holds one of the most important Eastern Boundary

Upwelling Systems (EBUS) largely characterized by their high productivity supporting

industrial fishing activities (Barton et al., 1998; Schmidt et al., 2020; Fischer et al., 2020;

Harvey et al., 2020). However, this area is distinct from other EBUS, such as California,

Humboldt, and Benguela, because of the presence of the Canary Islands. The archipelago

extends westward from near the African coast to the open ocean, acting as a barrier to the

path of the Canary Current inducing an intense mesoscale activity (Barton et al., 2004;

Hernández-León et al., 2007). Waters north of the islands are characterized by a sharp

oligotrophy due to water column stratification during most of the year, with a sharp deep

chlorophyll maximum (Hernández-León et al., 2007).During the winter season, the ther-

mocline and the nutricline (80-100 m depth) are eroded due to surface cooling and con-

vective water mixing (De León and Braun, 1973; Hernández-León et al., 2007; Cianca

et al., 2007; Neuer et al., 2007). Then, nutrients are able to reach the euphotic zone, in-

creasing primary production and chlorophyll a values (De León and Braun, 1973; Braun,

1980; Arístegui et al., 2001), allowing organisms to burst (Armengol et al., 2019), and

promoting the so-called Late Winter Bloom (LWB, Menzel and Ryther, 1961). In spring,

the seasonal thermocline is reestablished, restricting the injection of nutrients into the eu-

photic zone and limiting primary production (Schmoker et al., 2012). The southern area of

the archipelago also follows this annual cycle but it holds cyclonic and anticyclonic eddies
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shed by the islands and occasional upwelling filaments, enhancing zooplankton biomass

(Doty and Oguri, 1956; Hernández-León et al., 2001, 2007).

Zooplankton time-series in different areas of the world showed plankton changes in

composition, structure, abundance, biomass, species distribution, and phenology (Hoffmeyer,

2004; Fernández de Puelles et al., 2007; Chiba et al., 2009; Escribano et al., 2012; Stein-

berg et al., 2012; Bedford et al., 2020). Trends of zooplankton variations are directly

related to sea surface temperature (Bedford et al., 2020), water column stratification, pri-

mary production (Steinberg et al., 2012), and bottom-up or top-down cascading trophic

interactions (Escribano et al., 2012). Knowledge of all variables affecting zooplankton

trends is an arduous task, involving the parameterization of both abiotic and biotic factors,

interactions between the components of the food web, and the increasingly growing an-

thropogenic footprint on the oceans. A tentative mesozooplankton time-series in the CCS

started in 2012 with the project called “Radial Profunda de Canarias” (RaProCan, Canary

Islands Deep Transect, Vélez-Belchí et al., 2015), sampling during the productive season

(known as Late Winter Bloom, LWB, from January to April) and the stratified season (SS,

from May to December). However, there are no long-term mesozooplankton studies in

the CCS. Hence, our aim is to provide the existing data of mesozooplankton biomass in

order to establish the mesozooplankton community baseline of the last five decades (1971-

2021) in three distinct areas of the CCS during the LWB and the SS, and day-nighttime

periods. Spatial, temporal, and diel patterns of mesozooplankton time-series were ana-

lyzed using Generalized Additive Mixed Model (GAMM) and linear-regression analysis.

Moreover, we compared our time-series to other long-term studies in the Pacific and At-

lantic Oceans, such as the time-series stations off Hawaii (HOTS) and Bermuda (BATS).

Finally, we explored different time periods in our database to see how biomass tendencies

change according to the studied years.
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2.3. Material and methods

2.3.1. Mesozooplankton database sources and analysis

All the biomass data used in this study is related to mesozooplankton (>200 µm) in

the epipelagic layer (0-200 m). First, we compiled all biomass values from existing data

published in scientific literature or provided by authors (see Table 4a). Then, we divided

the studied area in three different zones according to their mesoscale activity: (1) “North”

of the islands, (2) “South and around” the islands, and (3) “Upwelling influenced” area.

The division was done according to the mesoscale activity of the area: North grouped

those stations sampled north of the Canary Islands, thus oceanic waters not affected by the

presence of the islands. South and around (therefore just South) comprised those stations

affected by the presence of the islands, thus including those stations close to the islands

as they are also influenced due to their proximity. Finally, the third group of stations

was characterized because of the influence of the upwelling system (see Fig. 2.1). The

limits between the South and the Upwelling area was selected following the results of

Hernández-León et al. (2002a) observing a decrease in chlorophyll, primary production,

and zooplankton biomass at 60-80 Km from the African coast. A total of 1967 biomass

measurements performed in the three areas between 1971 and 2021 were compiled (Fig.

2.1, Table 5a). Biomass values obtained as protein content (Lowry et al., 1951) were

transformed to dry weight using a ratio of 2.49 given by Hernández-León et al. (2019a) for

tropical and subtropical waters, and converted to carbon units assuming a carbon content

of 40% of dry weight (Dam and Peterson, 1993).

43



2.3. Material and methods Mesozooplankton biomass data collection

26°W 24°W 22°W 20°W 18°W 16°W        14°W          12°W         10°W 

34°N

32°N

30°N

28°N

26°N

24°N

30°W        25°W      20°W       15°W      10°W         5°W 

40°N

35°N

30°N

25°N

GC
F

Figure 2.1. Location of the sampled oceanographic stations from 1971 to 2021. Green
dots stand for samples obtained North of the Canary Islands, orange dots for samples
obtained South and around the islands, and purple dots for those samples in the Upwelling
influenced area. Yellow arrow stands for reference points of each delimited area (see text),
yellow line indicates the separation between areas according to proximity to the coast and
position in relation to the islands, and black line stands for 200 m depth bathymetry. GC
stands for Gran Canaria, and F for Fuerteventura.

We obtained a relationship between biomass values from 0 to 100 m depth and biomass

values from 0 to 200 m depth using data from the project COCA (see Hernández-León

et al., 2019b) and 5 data points located south of the Canary Islands. The relationship was

obtained by comparing data from 0 to 200 m depth with 0-100 m depth in the same sta-

tion sampled every 20-40 m depth intervals using a Longhurst-Hardy Plankton Recorder

(LHPR) net (see 2.8). For this comparison, we used day (n = 21) and night (n = 21) sam-

ples obtaining the following relationship:

ln(biomass 0→200 m depth) = 0.684 + 0.945 ln(biomass 0→100 m depth)

(R2= 0.894, p<0.001, n =42)

Then, the biomass values from 100 m depth to the surface of our database were con-

verted to 0-200 m biomass values and added to our database using the obtained regression

(Fig. 2.8).
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Mesozooplankton biomass distribution over the 50-years period was studied by aver-

aging annual values in the different areas, distinguishing between day-nighttime periods,

to account for changes due to DVM, and between the sampled seasons (i.e. LWB or SS)

due to seasonality. Afterwards, least- square linear regressions were fitted for each period

and season in the different areas. Annual cycles of mesozooplankton biomass were stud-

ied by obtaining the monthly average value in the different areas. Finally, longitudinal

zooplankton biomass distribution from the open ocean to the African coast was studied.

2.3.2. Environmental parameters

For a better understanding of biomass fluctuations over the study period in the differ-

ent areas, we studied the annual cycles and time-series of sea surface temperature (SST),

chlorophyll a (Chl a), and primary production (PP) in three fixed points in each area.

Environmental data was obtained for the following coordinates (see Fig. 2.1, yellow

arrows): (1) North: 29↑N 15↑ 30↓ W - coordinates of the European Station for Time-

series in the Ocean of the Canary Islands (ESTOC); (2) South: 27↑N 15↑ 30↓ W, and

(3) Upwelling influenced: 27↑N 14↑W. Fixed coordinates were selected for the environ-

mental parameters in order to reduce spatial biases in the analysis. Monthly average

SST values were directly downloaded from the NOAA website (https://psl.noaa.

gov/data/timeseries/) since 1971, using the NCEP/NCAR reanalysis monthly

means dataset. Monthly Chl a average data was obtained from the Ocean Color web

site (https://oceancolor.gsfc.nasa.gov/) using OCI algorithm and Aqua

MODIS information (available period from 2002 to 2021). Monthly average PP since 2002

was downloaded from the Ocean Productivity website (http://sites.science.

oregonstate.edu/ocean.productivity/) using the Vertical Generalized Pro-

duction Model (VGPM) as the standard algorithm.
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Annual cycles of SST, Chl a, and PP were studied by monthly averaging values since

1971 for SST, and since 2002 for PP and Chl a. For the time-series tendencies, each en-

vironmental data set was detrended to remove the seasonal effects from the time-series,

setting a moving average of 12 months, and using an additive model since random fluctua-

tions in the data were roughly constant in size over time (annual cycle). Least-square linear

regression analyses to describe tendencies were then performed. Finally, we performed

Spearman correlation analyses between monthly values of environmental variables and

zooplankton biomass at each location. Normality was tested based on histogram analysis

and the Lilliefors (Kolmogorov-Smirnov) test (Lilliefors, 1967). Homogeneity of variance

across groups was tested using Levene’s test (Levene, 1960).

2.3.3. Modeling mesozooplankton biomass

Due to year-gaps biases of our database, we studied mesozooplankton biomass shifts

through the 50-years period by using a Generalized Additive Mixed Model (GAMM).

First, we transformed biomass (BM) using a Box-Cox transformation to adjust model

residual normality:

TBM= BMω→1
ω

being ε = 0.25.

For the GAMM we selected the southern area as a reference to test biomass variations,

as it was the area with more information:

TBM = ω0 + ω0, North INorth + ω0, Upwelling IUpwelling + ω0, Night INight + ω1t + s(day) +

b(cruise) + ϑ

where TBM stands for the biomass transformed by Box-Cox transformation.

The model evaluates biomass differences (ω0) and biomass tendencies over the period

studied (ω1), considering the random effect b(cruise) due to the measurements being made
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over time by different ships (cruises). “ω0” stands for biomass global mean value in the

South. That means that each ω0 compare biomass differences between the area and the

South. “ω0, North ” represents biomass mean difference between the North and the South,

and “ω0, Upwelling” biomass mean difference between the Upwelling influenced area to

the South, while the other variables were kept constant. The term “ω0,Night” stands for

biomass differences between day and nighttime periods, while keeping the other variables

constant. “ω1” evaluates tendencies over the 50-years, keeping the South as the reference

area, rather than biomass differences over the time (t). “s(day)” is a spline modeling the

biomass seasonal pattern. The term b(cruise) is a random variable modelling the random

variation existing from one cruise to another.

Data for each cruise were measured over several successive days, introducing auto-

corrrelation between measurements. Also, data from the different cruises were unevenly

spaced in time. Thus, it was not possible to use a global autoregressive structure, and so

the model included a continuous time autorregresive temporal correlation structure of data

in each cruise. This structure assumed that values quite close in time were highly corre-

lated with each other, and this correlation dampened rapidly as time passes. Finally, as

time course measurements were sensitive to autocorrelation problems, so we reduced it by

implementing an autocorrelative parameter (“b(cruise)”) in the model. We compared the

Bayesian information criterion (BIC) considering or not autocorrelation, obtaining lower

values for the model with autocorrelation.

2.3.4. Databases comparison

In order to compare with other published time-series, we extracted mesozooplankton

biomass values from the North time-series, as the ESTOC is located in that area. For

BATS, we downloaded the available database of zooplankton from April 1994 to Febru-

ary 2020 (https://bats.bios.edu/bats-data/). For the analysis of tenden-
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cies in each productive period, we distinguished an annual cycle as for the CCS (i.e the

LWB from January to April, and the SS from May to December) (Madin et al., 2001).

For HOTS, we downloaded the available data from January 1994 to July 2021 (https:

//hahana.soest.hawaii.edu/hot/hot-dogs/mextraction.html). Un-

fortunately, data was not available to download for the years 2002, 2003 and 2004. To

analyze seasonal patterns, first we distinguished between summer, as the period of higher

total mesozooplankton standing stocks, and winter, according to Landry et al. (2001).

Then, we estimated the average values and standard deviation for the different seasons

and performed linear regressions to obtain tendencies for each season.
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2.4. Results

2.4.1. Time-series biases

We reviewed, gather, and curate the available mesozooplankton biomass data between

1971 and 2021 with the objective to obtain the baseline for future studies in the area.

However, our database had evident biases: (1) mesozooplankton measurements were not

performed in a fixed station throughout the years, seasons, and periods, (2) the important

gaps for some years, mainly in the North and Upwelling influenced area, (3) the unbal-

anced number of samples collected during the main seasons (LWB and SS) and periods

(day and nighttime), and (4) the absence of taxonomic composition data.

The first bias was addressed by separating the data geographically in three different

areas according to their mesoscale activity and analyzing environmental parameters sep-

arately in those areas. The second and third bias cannot be directly addressed but were

considered in the GAMM by adding the smoother for biomass variations throughout the

years, seasons, and periods. Finally, absence of taxonomic data prevents community com-

position analysis, hampering to explain shifts in biomass due to abundance changes over

the annual cycle and through the years.

2.4.2. Environmental parameters

Linear regression analysis of the environmental time-series (Fig. 2.2) showed an in-

crease of all the studied parameters in the three areas. SST (Fig. 2.2A) exhibited an

increase of about 0.5ºC since 1971 in all the areas, the North area showing the highest

increase. The lowest temperatures were found in the Upwelling influenced area and the

highest in the South, as expected. Chl a (Fig. 2.2B) and PP (Fig. 2.2C) showed the highest

values in the Upwelling influenced area, as also observed during the annual cycles. Chl a
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tendency was slightly higher in the Upwelling influenced, while the highest PP tendency

occurred in the South. Time-series of environmental data also showed an important inter-

annual variability.
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Figure 2.2. Time-series of (A) monthly average sea surface temperature (°C) North (29↑N
15↑ 30↓ W), South (27↑N 15↑ 30↓ W) and in the Upwelling influenced area (27↑N 14↑W)
since 1971 obtained from remote sensing. (B) Satellite data of chlorophyll a concentration
(mg·m→3), and (C) primary production (mg C·m→2·d→1) from 2002 to 2020, also using
remote sensing data (see text for coordinates explanation).
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Table 2.1. Spearman correlation coefficients and p-values between the environmental vari-
ables and zooplankton biomass North, South (and around), and in the Upwelling influ-
enced area. “n” stands for the number of samples in each area, “SST” for Sea Surface
Temperature, “Chl a” for chlorophyll a concentration, and “PP” for primary production.

Area n Environmental
variable

Spearman
correlation
coefficient

p-value

North 278
SST -0.31 <0.001
Chl a -0.23 0.001
PP -0.01 0.8

South and around 1516
SST -0.29 <0.001
Chl a 0.32 <0.001
PP 0.33 <0.001

Upwelling influenced 173
SST -0.09 0.3
Chl a -0.53 <0.001
PP -0.53 <0.001

Spearman correlation analysis showed a negative relationship between zooplankton

biomass and SST in all areas, only not significant in the Upwelling area (Table 2.1). In

that area and in the North, we obtained negative correlations between zooplankton biomass

and Chl a and PP values, while in the South the correlations were significantly positives.

2.4.3. Mesozooplankton time-series results

Time-series linear regression analyses showed a significant general nighttime decreas-

ing tendency of zooplankton biomass (Fig. 2.3A) but no significant tendency for the day-

time period. However, different scenarios were observed according to the area. The North

(Fig. 2.3B) showed a significant decreasing tendency during daytime, being not signifi-

cant for the nighttime data over the 50-year time-series. The South (Fig. 2.3C) showed

significant tendencies, increasing during daytime but decreasing during nighttime. In the

Upwelling influenced area (Fig. 2.3D) we obtained decreasing tendencies over the years,

independently of the period, but just significant during nighttime.
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Figure 2.3. Mesozooplankton biomass (mg C·m→2) in the upper 200 m depth during day and nighttime, from 1971 to 2021 in (A) all the
area, (B) North, (C) South (and around) the islands, and (D) in the Upwelling influenced area. The size of the box is determined by the
upper and lower quartiles, and median is indicated as a horizontal black line inside the box. Black dots represent the outliers and red dots
inside the box stand for mean values. Regression line for each period (i.e. day or night) are presenting according to the period color.
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Figure 2.4. Mesozooplankton biomass (mg C·m→2) in the upper 200 m depth during the Late Winter Bloom (LWB) and the Stratified
Season (SS), from 1971 to 2021 in (A) all the area, (B) North, (C) South (and around) the islands, and (D) in the Upwelling influenced
area, pooled day and nighttime values. The size of the box is determined by the upper and lower quartiles, and median is indicated as a
horizontal black line inside the box. Black dots represent the outliers and red dots inside the box stand for mean values. Regression line
for each season (i.e. LWB or SS) are presenting according to the period color.53
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When comparing biomass tendencies during different seasons over the 50-year period,

we obtained significant biomass decreasing tendencies in all areas for both seasons (Fig.

2.4A). We also obtained a significant biomass decreasing tendency during the LWB in the

North zone (Fig. 2.4B). No significant tendencies were observed in the South (Fig. 2.4C).

For the Upwelling influenced area (Fig. 2.4D), both seasons also showed a significant

biomass decreasing tendency.

Zooplankton showed a tendency of biomass increase towards the African coast (Fig.

2.5). Moreover, our results showed a biomass accumulation and increase south and around

the islands, especially in Gran Canaria and Fuerteventura Islands (between 16.5↑N and

14↑W, location of the islands shown in Fig. 2.1).

Figure 2.5. Mesozooplankton biomass (mg C·m→2·d→1) longitudinal distribution in the
upper 200 m depth from 1971 to 2021, during day and nighttime. Green dots stand for
mesozooplankton biomass.
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2.4.4. Annual cycle of environmental parameters and mesozooplankton

biomass

SST (Fig. 2.6A) displayed low temperatures during the LWB as expected, with the

lowest values during March, and increasing during the SS. The lowest temperature for the

different zones were found in the Upwelling influenced area throughout the annual cycle.

In the latter area, Chl a (Fig. 2.6B) and PP (Fig. 2.6C) monthly average values were higher

compared to the other areas, displaying a strong peak during August. For the North and

South, the Chl a and PP maxima were found during February, right before the zooplankton

biomass increase during March (see below).

Mesozooplankton biomass annual cycle (Fig. 2.6D) in the North and South displayed

similar pattern throughout the year: a biomass increase during the LWB, then decreasing

through the SS, and exhibiting a maximum during March. In the North, biomass showed

higher values during March and June. On the other hand, in the Upwelling influenced area

we found higher values during February, April, and August.

Zooplankton biomass values during the LWB and SS season are given in Table 2.2

jointly with the average values for all data, during daytime. As observed, average values

during the LWB were about a 26% higher in the northern and southern areas compared to

the stratified season.
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Figure 2.6. Annual cycle of (A) temperature (↑C) since 1971, (B) chlorophyll a concentration (mg·m→3), (C) primary production (mg
C·m→2·d→1) since 2002, and (D) mesozooplankton biomass (mg C·m→2), pooled day and nighttime values. Green squares represent the
North, orange dots the South (and around), and purple triangles the Upwelling influenced area. Symbols stand for mean values and lines
above and under the dots for standard error. Environmental variables were obtained by remote sensing (see text).
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Table 2.2. Average mesozooplankton biomass (mg C·m→2) and standard deviation (±
SD) in all the area studied, North, South (and around the islands), and in the Upwelling
influenced area sampled during the Late Winter Bloom (LWB) and the Stratified Season
(SS), during day time. “n” stands for the number of samples in each area/season/period.

Area Season Mesozooplankton biomass n

All area
LWB 445.4 ± 353.8 709

SS 343.0 ± 274.6 896

North
LWB 320.3 ± 200.4 115

SS 239.9 ± 178.0 70

South and around
LWB 486.5 ± 377.5 543

SS 352.3 ± 283.6 773

Upwelling influenced
LWB 289.8 ± 218.3 51

SS 343.3 ± 193.0 53

2.4.5. Modeling mesozooplankton biomass

Due to our time-series biases mentioned above, we opted to use a GAMM that con-

sidered the information-gaps and could provide a more accurate statistic point of view for

biomass differences between areas compared to the South (ω0) and tendencies (ω1) in the

different areas through the 50-year study, seasons, and periods. Results from the model

(Table 2.3) showed no significant biomass tendency in the South (ω1, p-value = 0.8) over

the 50-year time-series. However, significant differences were found in the tendencies be-

tween the North and the South (ω1, North, p-value = 0.02), thus the North is undergoing

a decrease of biomass (ω1, North transformed biomass value tendency = -0.000081). No

significant differences were found between the South and the Upwelling influenced ten-

dencies (ω1, Upwelling, p-value = 0.61). The model found significant day/night differences

(ω0, Night, p-value<0.0001), and biomass differences in the South through the 50-year

studied (ω0, South, p-value<0.0001).
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Table 2.3. Results obtained from the GAMM for the 50-year time-series. ω0 evaluates
biomass differences in the South over the period. ω0, North evaluates differences between
the South (reference area) and the North, and ω0, Upwelling differences between the South
and the Upwelling influenced. ω0, Night evaluates daily biomass differences. ω1 examine
biomass tendencies over the time in the South. ω1, North evaluates differences in tenden-
cies between the South and the North, and ω1, Upwelling differences in tendencies between
the South and the Upwelling influenced. s(day) correspond to the smoother for annual
variations.

Parameter Transformed biomass values ±SD p-value edf

ω0 12.77 0.57 <0.0001

ω0,North 1.51 1.07 0.16

ω0,Upwelling 0.79 0. 93 0.39

ω0,Night 0.90 0.23 <0.0001

ω1 -0.000007 0 0.80

ω1,North -0.000081 0 0.02

ω1,Upwelling -0.000016 0 0.61

s(day) <0.0001 4.95

The model also showed a significant biomass annual variation (s(day) p-value<0.0001),

increasing between January and March and decreasing through the rest of the year, as

shown by the biomass annual cycles. The day/night variability found by the model in the

linear regression tendencies, the seasonal changes in biomass obtained in the regression,

and annual cycle were also supported by the model. However, environmental parameters

were not considered in the model as the different way of obtaining the biological and en-

vironmental data introduced a source of variability larger than the amount of variability

they could explain. This could be solved by obtaining the environmental and biological

data at the same time.
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2.4.6. Databases comparison

When comparing the same time frame of our North time-series (Fig. 2.7A) with those

data of HOTS (Fig. 2.7B) and BATS (Fig. 2.7C), linear regression analysis showed a

biomass decreasing tendency during both seasons in the North CCS time-series, whereas

in the other time-series showed biomass increasing tendencies over the period studied.

Our average values over the study period (299.95 ± 189.69 mg C·m→2) were similar to

those obtained in HOTS (325.77 ± 161.45 mg C·m→2), but more than two-times lower

than those recorded in BATS (749.25 ± 502.19 mg C·m→2).
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Figure 2.7. Mesozooplankton biomass (mg C·m→2) in the upper 200 m depth during the Late Winter Bloom (LWB) and the Stratified
Season (SS), from 1994 to 2021 in the (A) North of the Canary Current System (CSS), during day and nighttime, (B) Hawaii Ocean
Time-series (HOTS), and (C) Bermuda Institute of Ocean Sciences Time-series (BATS), during day and nighttime. Data from HOTS
was downloaded from https://hahana.soest.hawaii.edu/hot/hot-dogs/mextraction.html, and BATS data from
https://bats.bios.edu/bats-data/. The size of the box is determined by the upper and lower quartiles, and median is
indicated as a horizontal black line inside the box. Black dots represent the outliers and red dots inside the box stand for mean values.
Regression line for each season (i.e. LWB or SS) are presenting according to the period color.
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2.5. Discussion

Mesozooplankton biomass data over the last five decades (1971-2021) was compiled

and examined in the CCS with the aim of providing a dataset for this subtropical region

of the East Atlantic that lacks of a proper time-series station (Ratnarajah et al., 2023).

GAMM model showed a significant decreasing tendency of mesozooplankton biomass

over the 50-year period North of the islands, the most oligotrophic area. Tendencies were

also obtained for a 30-year period in order to compare to other oceanic time-series in the

ocean (HOT and BATS).

2.5.1. Time-series biases

Undeniably, the 50-year time-series showed some crucial biases complicating the in-

terpretation of results, as mentioned above. Horizontal advection promotes a bias in sam-

pling zooplankton communities, so hauls in the same geographical position also lacks

sinopticity. Therefore, the division of the CCS in different areas makes our database some-

what feasible to become three time-series. Nevertheless, a fixed point could dismiss to a

great extent the noise in the GAMM analysis, moreover in a highly variable area as the

CCS. Further, the already well-known annual cycle of environmental parameters and zoo-

plankton (Hernández-León et al., 2007), along with the lack of continuous data during the

years and seasons, hampers the statistical analysis of the results. Also, a further major

weakness of our database, which may account for much of the variation in zooplankton

biomass is the lack of taxonomic information.

There is a growing recognition that knowledge of the community composition adds

considerable interpretive value to any regional time-series (Mackas and Beaugrand, 2010).

Standing zooplankton biomass production were used as a rough proxy for total annual

productivity as it regulates material and energy flow through food webs, and therefore
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the amount of food for higher trophic levels (Mackas and Beaugrand, 2010; Hébert et al.,

2017). High ratios of new production to total community production results in zooplankton

being dominated by large copepods with short, efficient and nutritionally-rich food webs,

thus supporting larger food-webs. However, this top-down control might have a strong

negative effect on standing stocks resulting in a zooplankton biomass decrease. This could

be assessed only by taxonomic information (Kodama et al., 2022). Moreover, when the

phytoplankton community depend on recycled nitrogen, the zooplankton is dominated by

gelatinous zooplankton (salps, doliolids, ctenophores) and small crustaceans, supporting

a far smaller biomass of higher trophic levels (see Richardson, 2008). Thus, zooplankton

production is directly affected by the taxonomic and functional community structure (St-

Gelais et al., 2023). Knowledge of the taxonomic composition could help to understand

the natural variability of zooplankton.

2.5.2. Mesozooplankton time-series

Zooplankton is being notably affected by climate change, responding in terms of long-

term shifts in their biomass and abundance, composition, size, phenology, and spatial

distribution (Richardson, 2008; Mackas et al., 2012; Brun et al., 2019; Conroy et al., 2023;

Huggett et al., 2023; Kodama et al., 2022). The outcomes lead to a still poorly understood

renewal of the biogeochemical cycles, changes in daily vertical migrations which strongly

influence the carbon flux (Brun et al., 2019), and shifts in the food-web size structure

and transfer efficiency (Ratnarajah et al., 2023). Results from our database showed a

general temporal decrease of zooplankton biomass over the 50-year period, contrasting

with reported tendencies in other time-series carried out in other subtropical oceanic sites

(Madin et al., 2001; Steinberg et al., 2012). Analysis of the causes of zooplankton shifts

over the 50-year period in a such different area is a tough task, thus we opted for the

analysis of each area separately.
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We found a zooplankton biomass decreasing tendency during the daytime and during

the LWB, and a negative Spearman correlation with the environmental variables in the

northern area. This decrease during the LWB might be related to the temperature increase

as warmer and more stratified waters are usually associated with lower biomass (Steinberg

et al., 2012). Atmospheric patterns from 1950 to 2008 showed a rather clear change in

the CCS (Alonso-Pérez et al., 2011). While the Azores High during winter displayed an

oceanic pattern transporting oceanic winds from the Northern Atlantic Ocean, during the

21st century the high pressure entered the African continent transporting winds from the

Sahara Desert. This change in the wind pattern during winter could be enhancing ocean

temperature in the CCS as observed for the area (Arístegui et al., 2009). Thus, a higher

ocean stratification could be diminishing the erosion of the seasonal thermocline during

winter as the effect of less convective mixing (Cianca et al., 2007). However, the available

time-series of chlorophyll and primary production do not show this tendency. In any case,

the latter time-series are still short (→ 20 years) and interannual variability could mask

the real tendency. In fact, the zooplankton biomass time-series during the last 10 years

showed a positive tendency (not shown) due to the low biomass during 2010 and large

biomass during years 2017 and 2019, something also observed in the chlorophyll and PP

data.

The upwelling affected area also showed a mesozooplankton biomass decreasing trend

independently of the period or season. This decrease could be driven by atmospheric

pattern described above but also wind forcing and other oceanic processes influencing the

upwelling system. Global modeling studies projected consistent changes in the dominant

subtropical atmospheric pressure systems that drive coastal upwelling in the EBUSs. In

the CCS, climate models project a poleward displacement of the Azores High, resulting

in stronger and weaker upwelling-favorable winds off the Iberian Peninsula and northwest

Africa, respectively. Weakening upwelling intensity is especially prevalent during summer

off northwest Africa, while the intensification in the northern CCS corresponds with more
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frequent high-intensity upwelling events and an extension of the upwelling season (see

references in Bograd et al., 2023). Marrero-Betancort et al. (2020) showed a decreasing

trend of wind intensity from the 1960s to 2010 and increasing thereafter in CCS. This

decreasing trend could explain, at least in part, the decrease in zooplankton biomass as the

effect of the expected decrease in Ekman transport due to the decrease in wind intensity.

However, how the EBUS will respond to anthropogenic climate change is still unknown

and changes in the upwelling system is clearly outside of the scope of this study.

The spatial distribution of zooplankton biomass across the longitudinal gradient showed

higher values near the African coast and south and around the islands. The island-mass

effect was long ago described in the Canary Island waters (Hernández-León, 1988b, 1991;

Hernández-León et al., 2001). These studies explained the higher zooplankton biomass

around the islands as the effect of accumulation due to the physical disturbance of the

current due to the presence of the islands. Zooplankton biomass is also transported by

upwelling filaments generated in the upwelling system (Hernández-León et al., 2002b).

This effect of mesoscale activity in the area promoted higher zooplankton biomass values

near the African coast and around the islands, decreasing towards the central gyre waters

(Fig. 2.5).

2.5.3. Annual cycle

The production cycle in the CCS is well documented (see Hernández-León et al.,

2007): during most of the annual cycle the oceanic area is characterized by strong stratifi-

cation but the thermocline is eroded during the LWB due to atmospheric cooling, promot-

ing convective mixing, and allowing organisms to burst (Cianca et al., 2007; Neuer et al.,

2007; Schmoker et al., 2012; Armengol et al., 2019). The enhanced PP allows zooplankton

to grow increasing their biomass, and with a community characterized mainly by Cope-

poda, Hydrozoa, and Salpidae (Couret et al., 2023b). After the LWB, the thermocline is
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reestablished, and zooplankton biomass decreased after depleting the available food. Dur-

ing the rest of the annual cycle, the zooplankton is dominated by smaller size fractions

(Couret et al., 2023b). Results from the 50-year time-series, clearly show this annual cy-

cle of environmental variables and zooplankton biomass, increasing during the LWB and

decreasing through the SS. However, in the North we also observed a biomass increase

during late spring (June). This maximum coincides with the maximum penetration of so-

lar light in the area and it should be the subject of future research. In the upwelling area,

zooplankton showed a higher biomass in August due to the higher intensity of the Trade

Wind promoting Ekman transport and upwelling (Hernández-León et al., 2007). These

areas are complex systems supporting a diversity of mid-trophic-level species key to the

incorporation of primary productivity into ecosystem diversity (Bograd et al., 2023).

2.5.4. Modeling mesozooplankton biomass

GAMM results contribute statistically to the analysis of mesozooplankton biomass,

becoming a powerful tool for data analysis since they incorporate non-parametric regres-

sions, smoothing techniques, and generalized distributional modeling (Liu and Xiang,

2019). The model found a significant negative biomass tendency only in the North over

the 50-year period, but no significant tendency was found in the Upwelling influenced

area where the linear regression showed significant tendencies (except during daytime).

This discrepancy should be related to the different approaches used. The GAMM incorpo-

rated more factors in the analysis such as the daily variance, differences between cruises

or season to year gaps, which makes the analysis more robust than the linear regression

analysis. The differences between the North and South tendencies could be directly re-

lated to the accumulation of zooplankton biomass south of the islands due to “island-mass

effect” (Doty and Oguri, 1956). This term is related to the increase of plankton biomass

associated with oceanic islands due to the disturbance of the oceanic flow, forming ed-
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dies downstream, thus affecting the distribution of nutrients, Chl a, PP and fish larvae

(Hernández-León et al., 2001). The model also found significant day/night differences

due to DVM, and between seasons (LWB and SS), because of the different productivities

found around the annual cycle.

2.5.5. Databases comparison

The latest published time-series in Hawaii (station ALOHA) showed mesozooplankton

biomass increasing over 20 years (1994-2013) related to bottom-up food-web dynamics

(Valencia et al., 2016). In Bermuda (BATS), Steinberg et al. (2012) also found an increase

of zooplankton biomass from 1994 to 2011, also suggesting to be promoted by bottom-up

control. Extending the time-series analysis to 2021 in those time-series stations, we still

obtained a positive tendency for both time-series stations (Fig. 2.7). By contrast, the North

CSS time-series showed a biomass decreasing trend for that period.

Finally, time-series are crucial to understand the dynamics of pelagic ecosystems but

most observational series were carried out only for a few decades long, limiting our un-

derstanding of long-term zooplankton dynamics (Jonkers et al., 2022). Mackas and Beau-

grand (2010) suggested a century or more for the zooplankton time-series to be optimal.

However, present-day time-series are to a great extent shorter and zooplankton interannual

variability promote shifts in the total standing stock (Mackas and Beaugrand, 2010), com-

munity dominance and size structure (Conroy et al., 2023), spatial distribution (Huggett

et al., 2023), or environmental-related variations (see Ratnarajah et al., 2023). Long time-

series are needed to account for consistent biomass shift over time. Our study supports the

notion that zooplankton in the North CCS time-series is decreasing as warming increases

in the area. This could be the effect of the shift in the Atlantic Multidecadal Oscillation

(AMO) as our time-series started during the colder period in the 70´s and finished during

the warmer phase during the present century (Alexander et al., 2014). Thus, the decreas-
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ing trend could be the effect of natural variability (AMO), or it is a symptom of the global

warming in the area and the expected increase of oceanic deserts as the expansion of the

subtropical gyre system (Siemer et al., 2021). A larger series is thus needed as suggested

by Mackas and Beaugrand (2010).

2.6. Conclusions

Our database gathers all available mesozooplankton biomass data in three different

mesoscale activity areas of the CCS, showing biomass patterns over the 50-year period

and the two characteristic productive seasons in these subtropical waters. The lack of

time-series monitoring programs in the tropical-subtropical East Atlantic add value to our

historical compilation of zooplankton biomass data, highlighting the need for long-term

surveillance of mesozooplankton biomass. We suggest that the present database should be

considered as a baseline before setting a future permanent time-series monitoring program

in the CCS.

For that, we encourage to set fixed time-series stations according to the mesoscale

area with a monthly sampling strategy, or at least during the less and most productive

season in each area (i.e. during the LWB in the North and South, and during August in the

Upwelling influenced area). Light period must also be considered when sampling, ideally

during both day- and nighttime to account for diel vertical migrants variability. Finally,

we consider that in situ hydrographic parameters (e.g. temperature, salinity, chlorophyll

a) measured jointly with zooplankton biomass would give a more accurate idea of the

relationship between the abiotic and biotic components of the environment. In spite of the

biases of this baseline data, the results showed a zooplankton biomass decreasing trend

in the oligotrophic zone suggesting an effect of the increasing warming observed in the

Canary Current. Whether this trend is natural variability as the effect of the AMO or global

warming will remain.
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2.10. Supplementary material

Figure 2.8. Relationship between biomass values from 0-100 m depth and biomass values
from 0-200 m depth using data from the project COCA (see Hernández-León et al., 2019b)
and 5 data points located south of the Canary Islands
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Table 4a. Data information compiled for the time-series analysis. “Project” column indicates if the data belongs to a specific project,
unfilled if not belong to any specific project. LWB stands for Late Winter Bloom (from January to April), and SS for Stratified Season
(from May to December). Data not published is indicated in “Reference” column. *Only the northern transect was considered for the
database.

Proyect Reference Year Net depth
(m) Net type Period Zone Season Biomass units

Centre National Pour L’Exploitation Des Oceans
(CNEXO) Mediprod (1974) 1971 50 WP-2 Day and Night North LWB mgDW·m→2

200 Upwelling

Braun (1980) 1975-1976 200 WP-2 Day South LWB mgDW·m→2
SS

Real et al. (1981) 1976 200 WP-2 Day South SS mgDW·m→3

Santamaría et al. (1989) 1980 100 WP-2 Day South LWB mgDW·m→3
SS

Hernández-León (1988a) 1981-1982 200 WP-2 Day South LWB mgDW·m→2
SS

Fernández de Puelles and Braun (1996) 1983-1985 250 Juday Bogorov
(50 cmx2) Day and Night South LWB mgDW·m→3

SS

Estudio de la Plataforma Sur (E.P.S.)
Hernández-León (1988b) 1984-1985 100 WP-2 Day and Night South LWB

mgprot·m→2200 SS

Hernández-León (1988c) 1986 100 WP-2 Day and Night South SS200

Gómez (1991)
1986-1987 90 WP-2 Day South LWB

mgprot·m→2SS

1987-1988 25 WP-2 Day and Night South LWB
SS

Taliarte Unpublished 1988-1989 100 WP-2 Day South LWB mgprot·m→2
SS

Canarias85 Hernández-León and Rodal (1987) 1985
50

WP-2 Day South SS mgprot·m→370
200

Efecto de Masa de Isla en el Archipiélago Canario
(E.M.I.A.C)

Almeida Peña (1996)

1989-1991 200 WP-2 Day and Night North LWB

mgprot·m→2
South SS

"Coastal Transition Zone: Canary Islands"
(Marine Science and Technology, MAST) 1991-1993 200

WP-2
Day and Night

North
SSLHPR South

Upwelling
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Table 4b. Continued: Data information compiled for the time-series analysis. “Project” column indicates if the data belongs to a specific
project, unfilled if not belong to any specific project. LWB stands for Late Winter Bloom (from January to April), and SS for Stratified
Season (from May to December). Data not published is indicated in “Reference” column. *Only the northern transect was considered
for the database.

OIMAC (91/08 GAC)

Unpublished

1994 200 WP-2 Day and Night South SS mgprot·m→2

Fish Aggregation Devices (FADS) 1995-1996 100 WP-2 Day South LWB mgDW·m→3
SS

Bocaina 1997 200 WP-2 Day South SS mgDW·m→2

FRENTES (C.I.C.Y.T. AMB95-0731) Yebra et al. (2005) 1998 200 LHPR Day and Night South SS mgprot·m→2

MESOPELAGIC (MAR97-1036) Hernández-León et al. (2004) 2000 100 WP-2 Day North LWB mgDW·m→2
South SS

PELAGIC (EU-CICYT 1FD97-1084) Unpublished 2000-2003 90 WP-2 Day and Night South LWB mgprot·m→2
SS

COCA I (REN2000 1471-CO2-O1-MAR)* Hernández-León et al. (2019b) 2002 200 LHPR Day and Night South SS
mgprot·m→2Upwelling

COCA II (REN2000 1471-CO2-O1-MAR)* Hernández-León et al. In prep 2003 200 LHPR Day and Night South LWBUpwelling

CONAFRICA (C.I.C.Y.T. CTM2004-02319)
Moyano et al. (2009) 2005-2007 90 WP-2 Day South LWB

mgprot·m→2SS

Unpublished 2006 200 LHPR Day and Night South LWBUpwelling

LUCIFER (CICYT CTM2008-03538) Herrera et al. (2017) 2010-2011 200 WP-2 Day and Night North LWB mgDW·m→2
South SS

CETOBAPH (CGL2009-13112) Ariza et al. (2016) 2012 200 WP-2 Day and North LWB mgprot·m→2
Night South

MIOCEAN (ULPGC-Master Internship data) Unpublished 2019 200 WP-2 Day and Night South LWB mgprot·m→2

Radial Profunda de Canarias (RAPROCAN) Couret et al. (2023b) 2012-ongoing 200 WP-2 Day and Night
North

LWB SS mgprot·m→2South
Upwelling
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Table 5a. Information of zooplankton biomass data points per year, month, area, and
period.

Sampling Month Period Zone
Number of

biomass
data points

1971 January Night Upwelling area 2
1971 January Day Upwelling area 1
1971 February Night North of the Islands 1
1971 February Day North of the Islands 1
1971 February Night South and around the Islands 1
1971 February Day South and around the Islands 2
1971 February Night Upwelling area 15
1971 February Day Upwelling area 9
1975 April Day South and around the Islands 1
1975 May Day South and around the Islands 1
1975 June Day South and around the Islands 1
1975 July Day South and around the Islands 1
1975 September Day South and around the Islands 1
1975 October Day South and around the Islands 1
1975 November Day South and around the Islands 1
1976 January Day South and around the Islands 1
1976 February Day South and around the Islands 1
1976 March Day South and around the Islands 1
1976 April Day South and around the Islands 1
1976 May Day South and around the Islands 1
1976 July Day South and around the Islands 6
1980 January Day South and around the Islands 6
1980 March Day South and around the Islands 6
1980 May Day South and around the Islands 3
1980 June Day South and around the Islands 3
1981 October Day South and around the Islands 1
1981 December Day South and around the Islands 1
1982 March Day South and around the Islands 1
1982 April Day South and around the Islands 1
1982 May Day South and around the Islands 1
1982 July Day South and around the Islands 1
1982 November Day South and around the Islands 1
1983 June Day South and around the Islands 1
1983 July Day South and around the Islands 1
1983 August Day South and around the Islands 1
1983 September Day South and around the Islands 1
1983 October Day South and around the Islands 2
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Table 5b. Continued: Information of zooplankton biomass data points per year, month,
area, and period.

1983 November Day South and around the Islands 3
1983 December Day South and around the Islands 2
1984 February Day South and around the Islands 1
1984 March Day South and around the Islands 3
1984 April Night South and around the Islands 1
1984 April Day South and around the Islands 7
1984 May Day South and around the Islands 10
1984 June Day South and around the Islands 9
1984 July Day South and around the Islands 9
1984 August Day South and around the Islands 9
1984 September Day South and around the Islands 9
1984 October Day South and around the Islands 9
1984 November Day South and around the Islands 1
1984 December Day South and around the Islands 21
1985 January Day South and around the Islands 10
1985 February Day South and around the Islands 12
1985 March Day South and around the Islands 9
1985 April Day South and around the Islands 9
1985 May Day South and around the Islands 9
1985 June Day South and around the Islands 51
1985 November Night South and around the Islands 2
1985 November Day South and around the Islands 25
1986 May Night South and around the Islands 25
1986 May Day South and around the Islands 43
1986 November Day South and around the Islands 6
1986 December Day South and around the Islands 6
1987 February Day South and around the Islands 9
1987 March Day South and around the Islands 7
1987 April Day South and around the Islands 2
1987 May Day South and around the Islands 7
1987 November Day South and around the Islands 4
1987 December Night South and around the Islands 3
1987 December Day South and around the Islands 5
1988 February Day South and around the Islands 5
1988 March Day South and around the Islands 5
1988 May Day South and around the Islands 5
1988 June Day South and around the Islands 6
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Table 5c. Continued: Information of zooplankton biomass data points per year, month,
area, and period.

1988 November Day South and around the Islands 7
1988 December Day South and around the Islands 1
1989 January Day South and around the Islands 2
1989 February Day South and around the Islands 2
1989 March Day South and around the Islands 4
1989 April Day South and around the Islands 2
1989 May Day South and around the Islands 8
1989 June Day South and around the Islands 2
1990 February Day South and around the Islands 5
1990 June Night North of the Islands 2
1990 June Day North of the Islands 1
1990 June Night South and around the Islands 13
1990 June Day South and around the Islands 31
1991 March Night North of the Islands 2
1991 March Day North of the Islands 2
1991 March Night South and around the Islands 22
1991 March Day South and around the Islands 27
1991 October Night North of the Islands 7
1991 October Day North of the Islands 5
1991 October Night South and around the Islands 23
1991 October Day South and around the Islands 24
1991 October Day Upwelling area 1
1993 August Night North of the Islands 1
1993 August Day North of the Islands 1
1993 August Night South and around the Islands 7
1993 August Day South and around the Islands 33
1993 August Day Upwelling area 31
1994 October Night South and around the Islands 13
1994 October Day South and around the Islands 11
1994 November Night South and around the Islands 15
1994 November Day South and around the Islands 12
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Table 5d. Continued: Information of zooplankton biomass data points per year, month,
area, and period.

1995 April Day South and around the Islands 1
1995 May Day South and around the Islands 1
1995 June Day South and around the Islands 1
1995 July Day South and around the Islands 1
1995 August Day South and around the Islands 1
1995 September Day South and around the Islands 1
1996 July Day South and around the Islands 1
1996 August Day South and around the Islands 1
1996 September Day South and around the Islands 1
1996 October Day South and around the Islands 1
1996 November Day South and around the Islands 1
1996 December Day South and around the Islands 1
1997 January Day South and around the Islands 1
1997 March Day South and around the Islands 1
1997 April Day South and around the Islands 1
1997 November Day South and around the Islands 14
1998 June Night South and around the Islands 3
1998 June Day South and around the Islands 6
1998 July Night South and around the Islands 2
1998 July Day South and around the Islands 2
2000 January Day North of the Islands 8
2000 January Day South and around the Islands 8
2000 February Day North of the Islands 15
2000 February Day South and around the Islands 18
2000 March Day North of the Islands 23
2000 March Day South and around the Islands 20
2000 April Day North of the Islands 4
2000 April Day South and around the Islands 6
2000 May Day North of the Islands 4
2000 May Day South and around the Islands 4
2000 July Day South and around the Islands 12
2000 August Day South and around the Islands 12
2000 September Day South and around the Islands 18
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Table 5e. Continued: Information of zooplankton biomass data points per year, month,
area, and period.

2000 October Day South and around the Islands 12
2000 November Day South and around the Islands 14
2000 December Day South and around the Islands 13
2001 January Day South and around the Islands 12
2001 February Night South and around the Islands 17
2001 February Day South and around the Islands 43
2001 April Day South and around the Islands 6
2001 May Day South and around the Islands 12
2001 June Day South and around the Islands 12
2002 September Night South and around the Islands 5
2002 September Day South and around the Islands 5
2003 January Day South and around the Islands 6
2003 May Night South and around the Islands 4
2003 May Day South and around the Islands 4
2005 January Day South and around the Islands 18
2005 February Day South and around the Islands 17
2005 March Day South and around the Islands 24
2005 April Day South and around the Islands 19
2005 May Day South and around the Islands 24
2005 June Day South and around the Islands 18
2005 July Day South and around the Islands 9
2005 August Day South and around the Islands 12
2005 October Day South and around the Islands 12
2005 November Day South and around the Islands 22
2005 December Day South and around the Islands 19
2006 January Day South and around the Islands 23
2006 February Day South and around the Islands 13
2006 March Day South and around the Islands 26
2006 March Night Upwelling area 18
2006 March Day Upwelling area 22
2006 April Night South and around the Islands 11
2006 April Day South and around the Islands 24
2006 April Night Upwelling area 1
2006 May Day South and around the Islands 14
2006 June Day South and around the Islands 15
2006 July Day South and around the Islands 4
2006 August Day South and around the Islands 4
2006 September Day South and around the Islands 3
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Table 5f. Continued: Information of zooplankton biomass data points per year, month,
area, and period.

2006 October Day South and around the Islands 1
2006 November Day South and around the Islands 3
2006 December Day South and around the Islands 4
2007 January Day South and around the Islands 1
2007 February Day South and around the Islands 4
2007 March Day South and around the Islands 3
2007 April Day South and around the Islands 4
2007 May Day South and around the Islands 3
2007 June Day South and around the Islands 1
2010 February Night North of the Islands 1
2010 February Day North of the Islands 2
2010 February Day South and around the Islands 2
2010 March Night North of the Islands 4
2010 March Day North of the Islands 9
2010 March Day South and around the Islands 9
2010 April Night North of the Islands 3
2010 April Day North of the Islands 5
2010 April Day South and around the Islands 6
2010 May Night North of the Islands 3
2010 May Day North of the Islands 5
2010 May Day South and around the Islands 5
2010 June Night North of the Islands 3
2010 June Day North of the Islands 6
2010 June Day South and around the Islands 6
2010 November Night North of the Islands 1
2010 November Day North of the Islands 2
2010 November Day South and around the Islands 2
2010 December Night North of the Islands 4
2010 December Day North of the Islands 8
2010 December Day South and around the Islands 8
2011 January Night North of the Islands 3
2011 January Day North of the Islands 8
2011 January Day South and around the Islands 8
2011 February Night North of the Islands 3
2011 February Day North of the Islands 6
2011 February Day South and around the Islands 10
2011 March Night North of the Islands 1
2011 March Day North of the Islands 3
2011 March Day South and around the Islands 9
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Table 5g. Continued: Information of zooplankton biomass data points per year, month,
area, and period.

2011 April Night North of the Islands 5
2011 April Day North of the Islands 10
2011 April Day South and around the Islands 8
2011 May Night North of the Islands 3
2011 May Day North of the Islands 6
2011 May Day South and around the Islands 6
2011 June Night North of the Islands 1
2011 June Day North of the Islands 2
2011 June Day South and around the Islands 2
2012 April Day North of the Islands 1
2012 April Night South and around the Islands 8
2012 April Day South and around the Islands 29
2012 December Night North of the Islands 12
2012 December Day North of the Islands 11
2012 December Night South and around the Islands 1
2012 December Night Upwelling area 1
2012 December Day Upwelling area 1
2013 October Night North of the Islands 3
2013 October Day North of the Islands 2
2013 October Night South and around the Islands 1
2013 October Day South and around the Islands 7
2013 October Night Upwelling area 5
2013 October Day Upwelling area 5
2014 April Night North of the Islands 2
2014 April Day North of the Islands 3
2014 April Night South and around the Islands 10
2014 April Day South and around the Islands 11
2014 April Night Upwelling area 5
2014 April Day Upwelling area 10
2014 October Night North of the Islands 3
2014 October Day North of the Islands 3
2014 October Night South and around the Islands 6
2014 October Day South and around the Islands 5
2014 October Night Upwelling area 4
2014 October Day Upwelling area 4
2016 November Night North of the Islands 3
2016 November Day North of the Islands 5
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Table 5h. Continued: Information of zooplankton biomass data points per year, month,
area, and period.

2016 November Night South and around the Islands 3
2016 November Day South and around the Islands 3
2016 November Night Upwelling area 3
2016 November Day Upwelling area 6
2017 October Night North of the Islands 4
2017 October Day North of the Islands 6
2017 October Night South and around the Islands 1
2017 October Night Upwelling area 1
2017 October Day Upwelling area 2
2018 April Night North of the Islands 5
2018 April Day North of the Islands 6
2018 April Day South and around the Islands 3
2018 April Night Upwelling area 2
2018 April Day Upwelling area 3
2018 October Night North of the Islands 3
2018 October Day North of the Islands 3
2018 October Night South and around the Islands 1
2018 October Day South and around the Islands 2
2018 October Night Upwelling area 5
2018 October Day Upwelling area 3
2019 February Night South and around the Islands 1
2019 February Day South and around the Islands 3
2019 March Night North of the Islands 3
2019 March Day North of the Islands 3
2019 March Day South and around the Islands 3
2019 March Night Upwelling area 3
2019 March Day Upwelling area 4
2021 March Night North of the Islands 7
2021 March Day North of the Islands 6
2021 March Night South and around the Islands 1
2021 March Day South and around the Islands 1
2021 March Night Upwelling area 4
2021 March Day Upwelling area 2
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3.1. Abstract

Changes in plankton composition influences the dynamics of marine food webs and

carbon sinking rates. Understanding the core structure and function of the plankton dis-

tribution is of paramount importance to know their role in trophic transfer and efficiency.

Here, we studied the zooplankton distribution, abundance, composition, and size spectra

for the characterization of the community under different oceanographic conditions in the

Canaries-African Transition Zone (C-ATZ). This region is a transition zone between the

coastal upwelling and the open ocean showing a high variability because of the physical,

chemical, and biological changes between eutrophic and oligotrophic conditions through

the annual cycle. During the late winter bloom (LWB), chlorophyll a and primary produc-

tion were higher compared to that of the stratified season (SS), especially in the upwelling

influenced area. Abundance distribution analysis clustered stations into two main groups

according to the season (productive versus stratified season), and one group sampled in the

upwelling influenced area. Size-spectra analysis showed steeper slopes during daytime in

the SS, suggesting a less structured community and a higher trophic efficiency during the

LWB due to the favorable oceanographic conditions. We also observed a significant differ-

ence between day and nighttime size spectra due to community change during diel vertical

migration. Cladocera were the key taxa differentiating an Upwelling-group, from a LWB-

and SS-group. These two latter groups were differentiated by Salpidae and Appendicu-

laria mainly. Data obtained in this study suggested that abundance composition might be

useful when describing community taxonomic changes, while size-spectra gives an idea

of the ecosystem structure, predatory interactions with higher trophic levels and shifts in

size structure.

Keywords: Mesozooplankton, size spectra, abundance distribution, community struc-

ture, Canaries-African Transition Zone
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3.2. Introduction

The determination of zooplankton community characteristics such as the abundance,

biovolume, and size spectra has a great importance in biogeochemical cycles, energy flow,

and vertical particle flux (Buitenhuis et al., 2010; Kiørboe, 2013; Noji, 1991). Zooplankton

is widely used as bioindicators for the identification of shifts in phenology (Mackas et al.,

2012), physiological rates (Lenz et al., 2021), upwelling strength (Oksana and Viacheslav,

2012), atmospheric forcing (Hooff and Peterson, 2006), and latitudinal displacement of

species (Berraho et al., 2015). It has a large influence on abundance and distribution of

fishery resources, especially pelagic species (Shi et al., 2020).

Spatial and temporal changes in zooplankton community structure and distribution

pattern are important for understanding the core structure and function of marine ecosys-

tems (Zhao et al., 2022), and the potential impacts of climate change (Batchelder et al.,

2013; Hays et al., 2005; Shi et al., 2020). In addition, body size is one of the primary de-

terminants of energy flow, species diversity, and population crowding (Peters and Wassen-

berg, 1983; Woodward et al., 2005). Size shapes the community structure as marine food-

webs are size-structured, constraining prey-predator interactions and physiology (Li et al.,

2018), and influences biomass and growth rates of populations in adjacent trophic levels

(Carpenter et al., 1987; Vanni and Findlay, 1990). This parameter is used as a scaling fac-

tor and aggregation criterion to produce a macroscopic description of the pelagic ecosys-

tems, with the objective of improving the predictive capacity of global models in antici-

pation of future responses of oceanic ecosystems to climate change (Stemmann and Boss,

2012). In this context, a method widely used for characterizing zooplankton is the nor-

malized biomass size spectra (NBSS) (Martin et al., 2006; Sprules and Munawar, 1986).

The most frequently employed model was that of (Platt and Denman, 1977, 1978), who

introduced a theoretical concept considering the biomass flux as a continuous energy flow.

Quantitative empirical analyses of planktonic structure are usually based on the parame-
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ters generated by the straight line fitted to the size spectrum. The slope mirrors the overall

trend in biomass distribution among various size classes, the linear fit (r2) reflects the sta-

bility of community structure, and the NBSS intercept is related to the total abundance of

the system (Martin et al., 2006), and to the level of primary production (Dai et al., 2016;

García-Comas et al., 2014). The theory suggests that the NBSS slope of a pelagic steady-

state community, where biomass is evenly distributed over logarithmic size classes, will

be -1 (Sheldon et al., 1972). However, empirical studies have demonstrated that the NBSS

slopes do not follow linearity in non-equilibrated highly dynamic ecosystems (García-

Comas et al., 2014; Quinones et al., 2003). Several factors influence the NBSS slopes,

highlighting sampling location and season (Krupica, 2006), sample processing method

(e.g., Optical Plankton Counter or ZooScan) (Naito et al., 2019; Vandromme et al., 2012),

productivity gradient (Kwong et al., 2022), nutrient stress (Atkinson et al., 2021; Wang

et al., 2020), mesoscale structures (Chen et al., 2020; Jagadeesan et al., 2020), ecolog-

ical processes (Zhou et al., 2014; Zhou, 2006), water depth gradient (Dai et al., 2016),

oligotrophy (García-Comas et al., 2014), inter alia. Even NBSS slopes are highly sensi-

ble to environmental conditions and depend on many factors, they have been widely used

as a metric of size structure (Zhou, 2006). Thus, the normalization of the biomass size

spectrum allowed comparison across systems and was found to be a useful tool to as-

sess simple first-order system dynamics (Heath, 1995). Even so, all studies recognize that

plankton size distribution leads to general improvements in the description and dynamics

of zooplankton and dead particle models in the mesopelagic layers (Stemmann and Boss,

2012). It might also be a more effective approach when comparing aquatic communities

(Cottingham, 1999; Cózar et al., 2003), and useful to evaluate resource availability and

selective predation on zooplankton (Braun et al., 2021).

The Canaries-African Transition Zone (C-ATZ) is part of the Canary Current System

(CCS) and it is located within the eastern boundary gyre of the North Atlantic Ocean,

also holding the upwelling system off Northwest Africa (NWA). This region is a transi-
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tion zone between the coastal upwelling and the open ocean showing a high variability

because of the physical, chemical, and biological changes between eutrophic and olig-

otrophic conditions (Barton et al., 1998; Hernández-León et al., 2007). Comparison of

communities that are distant in latitude but connected by similar hydrological, chemical,

and environmental conditions offers an opportunity to identify the influence of biogeogra-

phy and environmental conditions on the types of organisms that inhabit them (Boucher,

1982). Upwelling areas are advantageous environments for this approach, with a small

number of abundant species having similar importance in every region (Berraho et al.,

2015). The NWA upwelling system is under a permanent upwelling regime characterized

by coastal sea surface temperatures colder than the oceanic ones at the same latitude. North

of 21↑N, upwelling-favorable conditions occur from April to September, with a maximum

in July, and less upwelling-favorable conditions from October to March, with a minimum

in December to January (Gómez-Gesteira et al., 2008). Seasonal changes and upwelling

strength also show a close link with the production of phytoplankton and zooplankton.

In particular, zooplankton follows a strong annual cycle of biomass, productivity, and de-

velopment sequence (Bertram et al., 2001). In the open ocean, primary production varies

within the annual cycle, controlled by the nutrient enrichment during the so-called Late

Winter Bloom (LWB). Organisms burst due to convective mixing during winter (Armen-

gol et al., 2019; Neuer et al., 2007) eroding the thermocline (Cianca et al., 2007; Schmoker

et al., 2012) and promoting a slight increase in nutrients in the euphotic zone. In spring,

the seasonal thermocline is reestablished, remaining through the summer and autumn, re-

stricting the injection of nutrients into the euphotic zone, and therefore limiting primary

production (Schmoker et al., 2012).

The C-ATZ was mainly studied during different periods in relation to the effect of

upwelling filaments and eddies (Barton et al., 1998) on phytoplankton (Arístegui et al.,

2004), zooplankton HernandezLeon2002feeding, and fish and invertebrate larvae (Lan-

deira et al., 2017; Rodrıguez et al., 1999). There were large differences in productivity
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and plankton biomass between the oligo-, meso-, and eutrophic areas of the CCS during

the annual cycle (Hernández-León et al., 2007), but no studies analyzed the spatial and

temporal variability and seasonality in the region. Therefore, the aims of the present study

were (i) to describe the seasonal effect (i.e., Late Winter Bloom, LWB versus Stratified

Season, SS) in the zooplankton (i.e., species richness, abundance, and biomass) of two ad-

jacent dynamic systems as the Canary Islands and the African platform, and (ii) to examine

zooplankton responses using size spectra as a stational and spatial ecological indicator of

their structure. Given the seasonal and spatial fluctuations zooplankton biomass occur-

ring in the transition zone from the coast to the ocean (Hernández-León et al., 2002a,b;

Yebra et al., 2005) we hypothesize that the NBSS slope in the C-ATZ should be steeper

in oligotrophic areas and flatter in areas with high productivity, highly depending on the

abundance of organisms.
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3.3. Material and methods

3.3.1. Field sampling

Zooplankton was collected during two cruises conducted from 21st to 29th October in

2018 (SS) and from 28th February to 9th March in 2019 (LWB) on board the R.V. Ángeles

Alvariño. Sailing took place from the northwest of La Palma Island (Canary Islands) to

the Western Sahara coast (NWA) (Fig. 3.1). Mesozooplankton samples were collected

during either day or night using a double WP-2 net (UNESCO, 1968) equipped with a

200 µm mesh size. Tows were performed from 200 meters depth to the surface with a

vertical speed of 0.67 m·s→1. One of the samples from the double net was directly fixed on

board with 4% formalin-seawater for later taxonomic studies, and the second sample was

used for measuring biomass from protein content. The latter sample was sieved and size

fractionated into 200, 500, and 1000 µm, frozen in liquid nitrogen, and stored at -80↑C

until later analysis.

Vertical profiles of temperature, salinity, and chlorophyll a (Chl a) were obtained using

a CTD (Seabird 911plus) mounted on a General Oceanic rosette sampler. The system

was equipped with a chlorophyll fluorometer (FluoroWetlabECO AFLFL) calibrated using

solid standard provided by the company. Temperature, salinity, oxygen, and Chl a sections

were represented using Ocean Data View using the DIVA gridding procedure (Schlitzer,

2015). Sea surface temperature (SST) monthly average values were downloaded from

the NASA Ocean Color web site for each cruise and then plotted on QGIS, and primary

production was obtained for each station from the Ocean Productivity web site using the

Vertical Generalized Production Model (VGPM) (Behrenfeld and Falkowski, 1997) as the

standard algorithm. Stations were gathered in transects according to their location: north

of the islands and west of the strait between Lanzarote and Fuerteventura was called T1W,

northeast was T1E, and the rest of the stations were grouped into T2, T3, T4, T5, T6, and
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T7 from north to south (Fig. 3.1).

Figure 3.1. Location of sampling stations: yellow diamonds stand for stations sampled
during the Stratified Season (October 2018), and in green squares during the Late Winter
Bloom (March 2019). Asterisks stand for night-hauls stations and number above mark-
stations indicates the station number. T stands for the number of the transect.

3.3.2. Image analysis

The taxonomic characterization of abundance and size distributions were performed

using a representative subsample of the zooplankton community from the onboard fixed

samples. In order to better represent all size classes, the subsample was divided into two

categories using a 1000 µm mesh sieve and individually scanned. Thus, two images were

obtained per station. Samples were imaged using an EPSON scan ver. 4990 at 2400

dpi, then processed in ZooProcess (Gorsky et al., 2010; Vandromme et al., 2012) and the

resulting vignettes, along with a metadata file, were uploaded to EcoTaxa (https://

ecotaxa.obs-vlfr.fr/; Picheral et al. (2017)) for machine-assisted identification,

using a training set developed by the authors. Both training sets were validated up to a
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95% for taxonomy classification.

3.3.3. Zooplankton biovolume, abundance and biomass

After vignette classification, we first transformed pixel size to length and then esti-

mated image-based equivalent spherical diameter (ESD, mm). Then, we estimated biovol-

ume (V, mm3) assuming ellipsoidal shape. Ellipsoidal volume (mm3) was calculated as:

V= 4!
3 ! major axis

2 ! (minor axis
2 )2

where major and minor axes (mm) of each object were provided by ZooProcess.

Abundances of each taxonomic zooplankton group were calculated as the number

of organisms per station, and standardized to the number of organisms per cubic meter

(ind·m→3). Biomass from the image analysis (dry mass, DM) was estimated following

Maas et al. (2021), applying taxon-specific biovolume to DM conversion. Biomass was

also estimated as protein content using bovine serum albumin (BSA) as the standard fol-

lowing the method given by Lowry et al. (1951) and modified by Rutter et al. (1968).

Zooplankton protein content was converted to dry weight using the ratio of 2.49 given by

Hernández-León et al. (2019a) for subtropical waters, and dry weight was converted into

carbon units assuming carbon content as 40% of dry weight (Dam and Peterson, 1993).

3.3.4. Cluster analysis

Spatial and temporal variability of zooplankton abundances were analyzed by a hierar-

chical clustering and similarity profile routine (SIMPROF, p<0.01 and 999 permutations).

The significant groups of the SIMPROF test were used as factors to test significant differ-

ences in temporal/spatial assemblages of the zooplankton using a one-way similarity anal-

ysis (ANOSIM). Data was transformed to log(x+1) to reduce the weighting of dominant
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species, and similar matrices were clustered using Bray-Curtis method (Clarke and War-

wick, 2001). A similarity percentages (SIMPER) test was then used to determine which

taxon contributed most to characterize each group (Clarke and Gorley, 2006; Clarke and

Warwick, 2001). After this, and using the same Bray-Curtis similarity matrix, a non-

metric multidimensional scaling (nMDS) was performed. The groups were entered into

the nMDS plot to visualize the spatial ordination of the groups of samples. Moreover, the

nMDS plot was represented by superimposing bubbles of increasing size related to abun-

dance values of key taxa detected in the SIMPER analysis. These multivariate analyses

were carried out using PRIMER v7.0.20.

3.3.5. Zooplankton Normalized Biomass Size Spectra

Detrital particles, phytoplankton, organism parts, and those smaller than 200 µm max-

imum axis length were removed before the normalize biomass analysis. We created size-

groups (i.e. bins) according to ESD measurements, grouping data into 30 size groups of 2

mm ranging from 0.98 mm to 91.24 mm. DM from the image analysis was estimated as

explained above assuming the conversion factor of a Calanoida Copepoda when the taxo-

nomic assignment did not fall into one of the pre-defined categories. DM was normalized

to make the spectra independent of size group by dividing the biomass of each size group

by the width (i.e., lower size limit) of the size group.

The NBSS were calculated following Platt and Denman (1977): the X-axis [log2 zoo-

plankton biomass (mg C·ind→1)] was calculated by dividing zooplankton biomass (mg

C·m→3) by the abundance of each size class (ind·m→3) and converting to log2; the Y-axis

[log2 normalized biomass (ind·m→3)] was calculated by dividing the biomass (mg C·m→3)

in each size class by the interval of each size class [!volume (mm→3)] and converting to

log2. A least-squares linear regression was fitted between the normalized biomass size

spectrum (Dai et al., 2016; Quinones et al., 2003) and logarithm of the modal weight for
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each size group to estimate the size structure of the community from station groups ob-

tained by clustering (Chen et al., 2020). The extreme size ranges could be subject to error

resulting in curvature of the log-linear relationship at either end of the spectrum. These

inflection points at the extreme size ranges of each method were not included, as they

could cause potential error in the calculation of the parameters of the spectrum (Marcolin

et al., 2015; Martin et al., 2006). In addition, regressions were checked for outliers us-

ing the Bonferroni-adjusted p-value (<0.05) of studentized residuals and Cook’s distance

with the car package in R. When outliers were detected, regression parameters were newly

estimated (Catherine et al., 2012). To identify the day-night influence within each group

on the slopes of NBSS we performed an analysis of covariance (ANCOVA) using a post-

hoc comparison of the slopes of fitted lines with the lsmeans package (Lenth and Lenth,

2018) in R. We also compared the variability between groups depending on time. In all

cases, data were examined for normality using the Shapiro-Wilk test and homogeneity of

variances by the Levene’s test before analysis.

3.3.6. Data analyses

Seasonal and spatial differences in mesozooplankton biomass were tested using Kruskal-

Wallis when variance homogeneity (Levene’s test, Levene (1960)) or normal distribution

(Shapiro-Wilk test) were not met with pairwise Wilcoxon test as post hoc test; and when

the premises were not violated, an ANOVA was performed with the Tukey test as posterior

test in R environment (Team, 2022a).
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3.4. Results

3.4.1. Environmental and biotic patterns

Water column physical properties showed clear patterns at spatial and seasonal scale

(Table 3.1, Fig. 3.2, Fig. 3.3, Fig. 3.4). During the SS we observed a marked stratification

across all transects dismissing as we approached the African coast (Fig. 3.2A,C,E; Fig.

3.3). By contrast, during the LWB we observed a clear mixed layer in the first 150 m depth

with lower water temperature and higher Chl a values, particularly in the transects close to

the African coast (Fig. 3.2B,F; Fig. 3.4). Average values of temperature in the upper 200

m depth were about 1°C higher during the SS compared to the LWB. Seasonal and spatial

differences in salinity were not prominent (difference of 0.1) (Table 3.1).

Integrated Chl a values were similar between both seasons, with larger differences in

transect T1E. However, we found higher differences for primary production (PP) values,

displaying higher values in transects inside the upwelling influenced area and showing the

highest differences in oceanic water (T1) between both seasons (Table 3.1). The deep Chl

a maximum was thicker and shallower during the LWB in oceanic waters (Fig. 3.2E,F),

whereas in both cruises the signature of high Chl a concentration related to upwelled

waters was noticeable off the African coast (Fig. 3.3I-L; Fig. 3.4G-I). Mesozooplank-

ton biomass was higher during the LWB compared to the SS (Wilcoxon Test, W = 574,

p<0.001), reaching maximum values close to the NWA coast and decreasing towards

the open ocean (Table 3.1). In both seasons, we generally observed higher zooplankton

biomass in night-sampled stations (Fig. 3.5). During the LWB, zooplankton biomass was

two-fold higher in T1W and 2.5-fold higher along the transects in the upwelling influenced

area. However, we obtained similar values for T1E during both seasons. Comparing the

upwelling influenced transects in both seasons, biomass was on average two-times higher

during the LWB (Table 3.1). Total biomass was dominated by large organisms (>1000
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Table 3.1. Average temperature, salinity, chlorophyll a, primary production, and zooplank-
ton biomass (± standard deviation) for the different transects (see text) sampled during the
stratified season and the late winter bloom cruise in the upper 200 m depth. *No value
available for station 10.

Season Transect Number of
stations

Average
temperature

Average
salinity

Integrated
Chl a

Primary
producion

Zooplankton
biomass

(°C) (PSU) (mg·m→2) (mg C·m→2·d→1) (mg C·m→2)

Stratified
season

T1W 6 19.25 ± 0.54 36.54 ± 0.12 0.16 ± 0.01 325.42 ± 19.11 157.11 ± 75.77
T1E 2 18.25 ± 0.70 36.39 ± 0.04 0.25 ± 0.02 438.99* 353.80 ± 129.48
T3 2 17.72 ± 1.31 36.21 ± 0.19 0.20 ± 0.04 675.29 ± 282.74 85.05 ± 7.54
T4 3 17.52 ± 0.67 36.34 ± 0.09 0.28 ± 0.12 694.82 ± 448.86 294.07 ± 17.95
T5 2 19.70 ± 0.14 36.64 ± 0.04 0.17 ± 0.01 398.28 ± 42.34 190.03 ± 17.33
T7 2 18.85 ± 1.10 36.48 ± 0.16 0.19 ± 0.06 379.47 ± 2.40 409.43 ± 130.54

Late Winter
Bloom

T1W 6 18.20 ± 0.31 36.63 ± 0.06 0.19 ± 0.03 532.77 ± 38.32 319.77 ± 139.74
T1E 3 17.47 ± 0.36 36.50 ± 0.08 0.32 ± 0.03 758.55 ± 123.14 386.15 ± 180.25
T2 2 17.05 ± 0.07 36.43 ± 0.01 0.24 ± 0.01 735.79 ± 46.76 675.75 ± 250.91
T4 3 17.57 ± 0.45 36.51 ± 0.07 0.20 ± 0.05 796.06 ± 48.32 526.75 ± 114.14
T6 2 17.51 ± 0.03 36.49 ± 0.01 0.18 ± 0.02 900.33 ± 78.37 691.39 ± 168.10

µm) during the SS (Fig. 3.5A; ANOVA, Tukey Test, p<0.001: Table 3.4), while during

the LWB medium (500-1000 µm) and small (200-500 µm) organisms contributed most to

the zooplankton biomass, but only the fraction >1000 µm significantly differed from the

fraction 200-500 µm (ANOVA, Tukey Test, p<0.05: Table 3.4). We found larger biomass

differences during the SS between the transects close to the upwelling system. T2 pre-

sented biomass values 2-fold lower than the other transects, with a higher contribution

of medium and small-size organisms in contrast to the other stations where 70% of the

biomass was due to large-size organisms.
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Figure 3.2. Vertical sections (0-200 m) of temperature (↑C) (A, B), salinity (PSU) (C, D) and chlorophyll a concentration (mg·m→3) (E,
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Figure 3.5. Spatial distribution of the percentages of zooplankton size-fractionated biomass obtained as protein content during the
Stratified Season (A) and the Late Winter Bloom (B). Bubble size represent total biomass (mg C·m→2). Colors on the maps correspond
to monthly-mean sea surface temperature during October (2018) for the Stratified Season and March (2019) for the Late Winter Bloom.
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3.4.2. Zooplankton structure

The SIMPROF test differentiated three main groups of stations (p<0.001) with a sim-

ilarity of 80%: (1) the Upwelling-group composed by stations from the upwelling zone

regardless of the season, (2) the LWB-group, and (3) the SS-group, with stations sampled

according to the season. The station 603 sampled during the SS was not clustered in any

of the three groups of stations. The ANOSIM tests (R-statistic = 0.779, p<0.001) also

confirmed the significance of these gatherings (Fig. 3.6A), as well as the nMDS ordina-

tion (Fig. 3.6B). The SIMPER analysis showed the contribution of each taxonomic group

(%) to the dissimilarity between the three groups (Upwelling, LWB, and SS, Table 3.2;

3.6C,D). Calanoida Copepoda were the taxon most contributing to the similarity in each

group due to their high abundance, but they did not contribute to distinguish the SIMPROF

groups. Penilia spp. and Evadne spp. accounted for the 27% of the dissimilarity to dif-

ferentiate the Upwelling-group from the SS-group, whereas Salpidae and Appendicularia

together contributed with the 14.5% of dissimilarity (Table 3.2). Cladocera and Appen-

dicularia were also key taxa to discriminate the Upwelling-group from the LWB-group

(almost 17% and 8.5% of dissimilarity, respectively), and Euphausiacea became impor-

tant and accounting for almost 6% of the dissimilarity. Finally, the differences between

the LWB- and SS-groups, were mostly driven by the Salpidae (13.9% of dissimilarity),

followed by eggs (8.2%), Pteropoda and Heteropoda (6.7%), and other gastropod mol-

luscs (6.5%).
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Table 3.2. Taxa regarded as discriminators between the zooplankton community assem-
blages from the SIMPER analysis up to a 70%.

Upwelling-group vs
SS-group

Upwelling-group vs
LWB-group

LWB-group vs
SS-group

Dissimilarity (%) Contribution (%) Dissimilarity (%) Contribution (%) Dissimilarity (%) Contribution (%)
Penilia sp. 4.05 16.13 2.11 10.38 1.41 5.46
Evadne sp. 2.71 10.82 1.34 6.58 1.54 5.94
Salpidea 1.88 7.5 0.95 4.68 3.61 13.9
Appendicularia 1.75 6.99 1.73 8.52
Corycaeidae copepoda 1.25 4.97 0.82 4.01
Euphausiacea 1.17 4.67 1.22 5.98 1.28 4.94
Other Gastropoda 1.11 4.43 1.68 6.48
Echinodermata-larvae 1.03 4.11 0.92 4.53
Polychaeta 1 3.98 0.76 3.74
Egg 0.97 3.88 0.75 3.7 2.14 8.22
Pteropoda+Heteropoda 0.85 3.39 0.93 4.58 1.75 6.74
Brachiolaria 0.96 4.74 1.42 5.46
Oithona copepoda 0.95 4.67
Siphonophorae 0.86 4.24
Ostracoda 1.3 4.99
Foraminifera 1.15 4.43
Chaetognatha 1.02 3.91

3.4.3. Normalized biomass size distribution characterization

Overall NBSS slopes of mesozooplankton size spectra were fitted with a linear rela-

tionship, ranging from -0.45 to -1.73 (Fig. 3.7, Table 3.3). The elevations were remarkably

constant in the SS-group (6.22 for day, and 6.48 for night), and variable in the LWB-group,

ranging from 6.03 (day) to 7.06 (night). The Upwelling-group showed the lowest regres-

sion coefficient (R2 < 0.62), with high errors in the estimation of linear parameters, a

non-homogeneous distribution, and low number of samples (Fig. 3.7C; Table 3.3). Given

that these biases can lead to misinterpretation of the ANCOVA analysis, we decided to

not include it as a preventive measure. The overall NBSS slope for the SS-group on day

(-0.97) was significantly different from those at night (-0.80; ANCOVA, F = 4.52, p =

0.036; Fig. 3.7A), indicating a higher proportion of large-sized zooplankton during the

night, mainly Euphausiacea. While Chaetognatha were the main daytime organisms dur-

ing the SS, Euphausiacea dominated the community at night (Fig. 3.8C,D). Although any

diel variation was observed between the slopes for the LWB-group (ANCOVA, F = 0.02,

p = 0.89), the large value of the intercept at night (7.056 ± 0.208) in relation to daytime
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(6.03 ± 0.22) also showed a clear effect of DVM in the NBSS. The difference with the

SS was the increased zooplankton biomass of smaller size fractions at night. This group

was characterized by the large presence of Hydrozoa and Salpidae during the day and the

night, with less Euphausiacea during the night compared to the SS-group. Comparing

groups, the SS-group was characterized by a steeper NBSS slope (-0.969) than the LWB-

group (-0.753; ANCOVA, F = 6.283, p = 0.014; Fig. 3.7B) for daytime, but both groups

showed similar values (-0.802 and -0.743, respectively) during nighttime (ANCOVA, F =

0.763, p = 0.385). Biomass in each size bin (Fig. 3.8) showed similar taxa distribution

for the smaller size bins, with high abundance of Copepoda such as Calanoida, Oncaea

spp., and Corycaeus spp., Appendicularia, and Salpidae. As the bin increased, the taxa

distribution shifted towards a community mainly dominated by Salpidae and Hydrozoa in

the LWB-group, and by Chaetognatha and Euphausiacea in the SS-group.

Table 3.3. Results from the linear regressions of the Normalized Biomass Size Spectra
analysis. n: number of data points.

Cluster Period Intercept Slope R2 n
Number of

stations

Range Mean ± SD Range Mean ± SD

SS-group
Night 5.47 to 7.29 6.48 ± 0.17 -0.70 to -1.12 -0.80 ± 0.05 0.84 61 7

Day 5.49 to 7.12 6.22 ± 0.18 -0.84 to -1.45 -0.97 ± 0.07 0.79 61 8

LWB-group
Night 6.62 to 7.93 7.06 ± 0.21 -0.61 to -0.95 -0.74 ± 0.05 0.84 44 5

Day 5.38 to 7.16 6.03 ± 0.22 -0.73 to -1.67 -0.75 ± 0.06 0.79 51 7

UP-group
Night 6.5 6.50 ± 0.60 -0.84 -0.84 ± 0.25 0.62 9 1

Day 5.74 to 7.53 6.55 ± 0.49 -0.49 to -1.73 -0.75 ± 0.18 0.47 23 4
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Figure 3.8. Mesozooplankton biomass (%) in each bin size for the different grouped stations according to Fig. 3.6A cluster. A)
Correspond to the LWB-group during day, B) to the LWB-group during night, C) to the SS-group during day, and D) to the SS-group
during night. The Upwelling group was not included in the graph (see text).
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3.5. Discussion

3.5.1. Spatial and temporal patterns in the C-ATZ

Mesozooplankton biomass, abundance, and size distribution were spatially and tem-

porarily determined in the C-ATZ. We detected clear environmental and community dif-

ferences between the SS and LWB seasons, similar to those already reported before for

this area (Braun, 1980; Hernández-León, 1988b; Hernández-León et al., 2007; Valdés and

Déniz-González, 2015). We found a quite stratified water column with a sharp thermo-

cline between 50 and 70 m depth, low integrated Chl a, and PP values during the SS,

especially north of the Canary Islands. By contrast, water column properties during the

LWB showed a wide mixed layer, and higher integrated Chl a, and PP values, as well as a

shallower distribution of the deep Chl a maximum. Previous works in the C-ATZ studied

the influence of the spatial and annual variability of the water column, mesoscale activ-

ity, and the upwelling and its filaments on plankton (see Hernández-León et al., 2007).

We detected higher zooplankton biomass during the LWB enhanced by higher PP values,

particularly noteworthy in the upwelling influenced area since the water intrusion pulses

close to shore create large phytoplankton biomass events (Reyes-Mendoza et al., 2019).

A relative high zooplankton biomass barely varied around the area between both the Cape

Ghir and Cape Juby (T1E) due to a quasi-permanent upwelling filament off Cape Ghir

and the intermittent filament off Cape Juby (Berraho et al., 2015). Finally, size fraction-

ated mesozooplankton biomass showed a higher biomass of the larger size groups during

the SS, as they have longer generation times than primary producers and therefore sur-

vive for longer periods. Also, a succession of small to medium and large Calanoida and

gelatinous organisms from the upwelled waters to the ocean is normally the rule (Postel,

1990). These results suggest that the oceanographic conditions drive the mesozooplankton

biomass, with clear environmental and ecological differences during the annual cycle in
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the studied area.

3.5.2. Abundance and composition

Despite the wide variability of mesozooplankton biomass from the upwelling influ-

enced area to offshore through the annual cycle, the common feature throughout the C-

ATZ is the numerical dominance of Copepoda determined by the seasonality and the up-

welling regime. Beside Copepoda, the organisms characterizing each season were Hy-

drozoa and Salpidae during the LWB, and Chaetognata and Euphausiacea during the SS.

However, these organisms were not the key to cluster the stations into the three main

groups. The difference between station groups was characterized by the abundance of sea-

sonal organisms such as Evadne spp. and Penilia spp., as similarly reported by Hernández-

León et al. (2007). Several studies in the area have demonstrated that Cladocera dominate

along filaments of upwelled waters, as well as fish larvae (Hernández-León et al., 2007;

Moyano et al., 2009). Cladocera burst in eutrophic areas (Liu et al., 2014), and constitute

the main prey for fish, therefore their populations are affected by phytoplankton produc-

tion and fish predation (Gliwicz et al., 2004). Moreover, the abundance of Salpidae helped

to distinguish the intergroups variability. These organisms have a high grazing impact that

can deplete the photic zone of phytoplankton and export huge quantities of organic matter

to the deep sea (Dadon-Pilosof et al., 2019). Abundance might be used as an indicator

of shifts in the community due to changes in the environmental conditions (e.g. tempera-

ture, chlorophyll, or water column stability) (Coyle et al., 2008). For instance, Copepoda

differed between coastal and offshore waters, denoting a more structured assemblage with

higher species diversity and evenness offshore (Berraho et al., 2015), with different species

throughout the annual cycle (Corral, 1970). Moreover, weak upwelling conditions or even

a strong seasonality in the Canary Current System entail low levels of productivity during

the cold season close to North of Cape Beddouza (35↑48↓N).
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It affects the zooplankton with low abundances and a high dominance of Copepoda.

However, the zooplankton is less structured and balanced during the upwelling season (in

summer), predominating few species but with high abundances (Berraho et al., 2015). The

increase of water temperature and the decrease in food along the offshore have been con-

sidered as the main factors influencing the zooplankton body size, thus the NBSS slope,

because of the size- dependent energy requirements needed to maintain basal metabolism

(Brown et al., 2004; Ikeda, 1985; Zhou, 2006). Consequently, a size gradient from small to

medium and large Calanoida and gelatinous organisms, such as Thaliacea and Siphonophorae,

from the upwelled waters to the ocean is normally the rule (Postel, 1990) as observed here

for the NBSS slopes. Nevertheless, this is the first report on the zooplankton assemblages

in the C-ACTZ and the general patterns need to be corroborated and complemented with

additional studies at local and regional scales.

3.5.3. Normalized Biomass Size Spectra

Size spectra obtained in this study showed a strong seasonal change in the zooplankton

size structure and production off the C-ATZ in response to hydrological conditions, and a

spatial separation between the upwelling area and the Canary Islands. Size-based normal-

ized biomass/biovolume size spectra have been considered a tool of interest for plankton

energy fluxes and the evaluation of the marine ecosystems structure (Dai et al., 2016; Platt

and Denman, 1977; Quinones et al., 2003; Suthers et al., 2006). However, the way in

which size diversity impacts the functioning of the ecosystem is an important but unclear

question. The theory suggests that the NBSS slope in a stable marine ecosystems should

be settled at approximately -1 (Sprules and Munawar, 1986). Even so, theoretical models

and empirical studies still have some discrepancies, especially in strongly dynamic ecosys-

tems where energy pulses through the system might unbalance the theoretical linearity of

the system (Quinones et al., 2003; Sourisseau and Carlotti, 2006). Steeper slopes are gen-
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erally related to a biomass decline with increasing size, thus lower transfer efficiency for

higher trophic levels, to an increase of predation pressure on the smallest zooplankton

(Brown et al., 2004; Noyon et al., 2022; Martin et al., 2006; Zhou, 2006), and to higher

abundance of herbivorous zooplankton organisms, usually smaller in size compared to

carnivorous species (Noyon et al., 2022). Moreover, some studies argued that this pattern

could also occur due to the increase of juvenile organisms linked to an enhanced repro-

duction stimulated by food availability (García-Comas et al., 2014; Giering et al., 2019),

whereas others authors link steeper slopes to oligotrophic and warmer waters where the

conditions are more stable (Canales et al., 2016; Medellín-Mora et al., 2016; Sprules and

Munawar, 1986). Our results showed steeper slopes for the SS-group, in agreement with

oligotrophy conditions, higher water temperatures and water column stratification, pre-

viously reported by Hernández-León et al. (2007) and also obtained in this study. This

outcome suggests an overall increase in predation pressure with size, and a loss of avail-

able energy to higher trophic levels during that season, thus a strong bottom-up control

during the SS linked to food-limitation conditions.

On the other hand, the LWB-group showed more gradual slopes, with the highest in-

tercepts, suggesting a wider size biomass distribution. During this season, the thermocline

is eroded allowing nutrients to reach the euphotic zone enhancing primary and meso-

zooplankton production (Schmoker et al., 2012). The high productivity and lower water

temperatures favored the abundance of different size spectra organisms flattening the LWB

slopes and promoting higher trophic efficiency. This result was also obtained by García-

Comas et al. (2014), showing also that food (Chl a concentration) overrides the influence

of water temperature, being the trophic status the main factor influencing zooplankton

size structure. In this sense, our results followed the theoretical models increasing the

relative abundance of large organisms with increased energy availability. Schmoker and

Hernández-León (2013) found that in the subtropical waters of the Canary Islands, mi-

croplankton are actively grazing on picoplankton and on heterotrophic prokaryotes, and
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they are being, in turn, grazed by small mesozooplankton, highlighting the most likely

top-down control of higher trophic levels on lower trophic levels existing in the planktonic

food web. Moreover, increasing zooplankton size and taxonomic diversity enhances top-

down control on phytoplankton (Ye et al., 2013). Thus, it seems that during the LWB the

food webs are controlled by top-down processes.

Theoretically, less stable environments have higher secondary structuring processes

and disturbances around the linear NBSS slope, lowering the r2 value (Souza et al., 2020;

Sprules and Barth, 2016). Low r2 values denote that the community is unstructured or in

a non-equilibrium state (Boudreau et al., 1991; Thiebaux and Dickie, 2011), while values

close to 1 indicate communities close to steady-state equilibrium. The SS-group and the

LWB-group showed similar r2 values, ranging from 0.79 to 0.84 from day to night hauls,

respectively (Table 3.3). This finding suggests a higher structured community than in the

UP-group. In the latter group, size diversity instead of size spectrum could be a better

approach for species diversity analysis and the understanding of an upwelling area. This

parameter measures the continuous distribution of body size as the size deviation, which

may represent an important functional diversity metric when determining the structure

and functioning of a highly unstable aquatic ecosystem. Higher size diversity has higher

efficiency of resource use; therefore, higher size diversity of zooplankton can increase

zooplankton biomass, and the effect on trophic structure may have important management

implications in aquatic ecosystems (Sun et al., 2021; Ye et al., 2013). The UP-group sta-

tions were characterized by the area they were sampled, not by the season, suggesting that

zooplankton there display different properties than in oligotrophic areas. Patterns of zoo-

plankton in the C-ATZ are scarce (see Hernández-León et al., 2007), and the taxonomic

composition and distribution from the coast to the open ocean during the annual cycle re-

mains still unknown.

Changes in zooplankton community size structure have the potential to alter the food

web structure, thus the food quantity and quality for planktivorous fish (Lomartire et al.,
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2021; Pitois et al., 2021). In this sense, the SS-group showed the strongest day-nighttime

variability in the size structure spectra, meaning a strong shift of the community in a daily

period. This phenomenon is commonly attributed to diel vertical migrations (DVM) where

intermediate-sized specimens perform the largest DVM (Manríquez et al., 2012; Ohman

and Romagnan, 2016; Rodriguez and Mullin, 1986). Consequences of changes in the size

structure due to DVM are diverse indicating the state of the food web (Brierley, 2014). The

C-ATZ is part of a wider system with different physical and biological features that provide

large amounts of carbon that eventually is converted into fish biomass, supporting local

pelagic fisheries. Therefore, planktonic size structure (Barnes et al., 2011; Woodworth-

Jefcoats et al., 2013) need to be considered for the management and assessment of fishing

resources addressing the size-dependent prey-predator relationships (Canales et al., 2016),

and routinely monitoring.

3.6. Conclusions

In conclusion, our abundance results show the differences between the upwelling area

and the transitional-open ocean area, while the size spectra show the shift in the control

of the food webs trophic structure throughout the annual cycle. Our finding highlights the

importance of taxonomic and size spectra studies in the C-ATZ for the evaluation of the

ecosystem structure and prey-predator interaction with higher trophic levels.
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3.9. Supplementary material

Table 3.4. ANOVA results for mesozooplankton biomass. SS stands for Stratified Season
and LWB for Late Winter Bloom.

Season Variable Df Sum Sq F value p-value Fraction Size (µm) Diff p-value

SS

Fraction 2 11.34 12.67 <0.001 200-500 to >1000 -0.97 <0.001

Residuals 48 21.48 500-1000 to >1000 -1.03 <0.001

500-1000 to 200-500 -0.06 0.963

LWB

Fraction 2 4.18 4.07 <0.05 200-500 to >1000 -0.69 <0.05

Residuals 45 23.16 500-1000 to >1000 -0.53 0.103

500-1000 to 200-500 0.16 0.802
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4.1. Abstract

Euphausiids, commonly known as krill, are crucial contributors to the ocean’s active

carbon pump, impacting carbon export and sequestration through their diel vertical migra-

tion. These organisms feed on organic matter in the epipelagic layer at night and release

inorganic carbon in the mesopelagic layer during the day via respiration. Measuring res-

piration in the mesopelagic layer is challenging due to the difficulties in obtaining direct

measurements, as well as the lack of comprehensive data, and reliance on conservative es-

timates. The measurement of the electron transfer system (ETS) activity is used as a proxy

to assess respiration in the mesopelagic layer. However, accurate calibration of respiration

rates and ETS activity is imperative through experimental measurements and empirical

data. Here, we compared the respiration rates with their respective ETS activities of dif-

ferent species of euphausiids captured at night in the epipelagic layer of the Atlantic Ocean

along a latitudinal (42-29↑N, 25↑W) and a longitudinal (25-13↑W, 29↑N) transect. Our re-

sults revealed a spatial trend in respiration rates, and consequently in ETS activities, with

rates decreasing southward and increasing slightly towards the African upwelling region.

The Generalized Additive Model (GAM) demonstrated that epipelagic oxygen concentra-

tion, chlorophyll a, and the interaction between epipelagic temperature and mesopelagic

oxygen concentration significantly influenced euphausiids respiration rates. Furthermore,

we observed a strong correlation between respiration and specific ETS activities, with

R/ETS ratios exceeding the conservative value of 0.5, which is typically used to estimate

respiratory flux.

Keywords: euphausiids, respiration rates, specific ETS activity, R/ETS ratio, vertical

migration, active carbon pump
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4.2. Introduction

Zooplankton migrant organisms, such as large copepods and euphausiids (Hernández-

León et al., 2019), play a crucial role in the biological carbon pump by actively exporting

carbon. This process is known as the active flux or migrant pump and refers to the ac-

tive transport of organic matter by zooplankton and micronekton to the deepest areas of

the ocean (Longhurst and Harrison, 1988). These organisms consume organic carbon at

shallower depths and transport it to the mesopelagic layer through diel vertical migrations,

where it is released through respiration (Longhurst et al., 1990), egestion (Angel, 1989),

excretion (Steinberg et al., 2000), and mortality (Zhang and Dam, 1997). Zooplankton

mortality, excretion, and feeding can be estimated from respiration rates (Ikeda and Mo-

toda, 1978; Steinberg et al., 2000; Ariza et al., 2015). Therefore, respiration rates are of

importance to assess the role of these organisms in exporting carbon to the mesopelagic

layer.

Euphausiids are significant components of marine ecosystems, conducting vertical and

horizontal migrations (Ens et al., 2023) that contribute to nutrient transfer and energy flux

in the ocean. These organisms are found throughout the world’s oceans, from coastal seas

to the bathypelagic zone, with their distribution influenced by thermal characteristics and

water masses (Letessier et al., 2011; Sutton and Beckley, 2022). Furthermore, they are

a major contributor to global plankton community biomass (21%), trailing only behind

copepods (47%), in terms of their total organic carbon (Longhurst, 1985). Euphausiids

are pivotal in driving the biological pump, contributing significantly to the export and

sequestration (sensu Lampitt et al., 2008) of atmospheric CO2 into the deep ocean through

fast-sinking faecal pellets (Cavan et al., 2019), respiration at depth (Stukel et al., 2023),

and moulting (Kobari et al., 2010). Thus, they play a key role in the biological carbon

pump and the cycle of essential nutrients in marine ecosystems.
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Respiratory flux is estimated from the migrant biomass (night minus day biomass val-

ues in the epipelagic zone) and the respiration rates at the residence layer during daytime.

These rates are determined by measuring migrant organisms captured during the night in

the epipelagic zone and converting them to represent respiration at depth using empiri-

cal or published Q10 values (Le Borgne and Rodier, 1997). Alternatively, values from

published equations relating respiration, body size, and temperature (Ikeda, 2013b), for

euphausiids) are also used. Enzymatic activities related to cell respiration, such as the

electron transfer system (ETS) activity, serve as an alternative proxy for estimating respi-

ratory flux. This method offers advantages as samples can be frozen and stored until they

are analysed. However, it requires the calibration of enzymatic proxies to physiological

rates (Hernández-León et al., 2019b). The respiration to ETS (R/ETS) ratio in marine

zooplankton reflects the scope of metabolic activity and typically ranges between 0.5 and

1 mainly depending on factors such as food availability and temperature (Hernández-León

and Gómez, 1996).While conservative ratios of 0.5 are commonly used to assess the res-

piratory flux, Hernández-León et al. (2019b) observed a R/ETS value of 0.96 ± 0.29 for

migrant copepods. This result suggests the need for a reassessment of this ratio to accu-

rately evaluate respiratory fluxes and the carbon transported to the deep ocean by migrant

organisms.

In this context, we performed respiration measurements on euphausiids captured at

night in the epipelagic layer. We then analysed their specific ETS activity and correlated

both sets of measurements to obtain the R/ETS ratio. The aim of the present study was

to compare the in situ respiration rates with the specific ETS activities, aiming to derive

accurate R/ETS ratios for euphausiids in a longitudinal and latitudinal transect in the North

Atlantic Ocean.
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4.3. Material and methods

4.3.1. Sampling and on-board experiments

The euphausiids used for experiments were collected during the “DisEntangling Sea-

sonality of Active Flux In the Ocean” (DESAFIO I) cruise on board the R.V. “Sarmiento de

Gamboa” during February 2023. The research vessel sailed from Vigo (Spain) to the Ca-

nary Islands (Spain), spanning from January 31st to March 2nd, 2023 (Fig. 4.1), sampling

eleven oceanographic stations (thereafter ST). Vertical profiles of salinity, temperature,

oxygen, conductivity, and fluorescence were obtained using a CTD (Seabird 911 plus) and

a Seapoint fluorimeter mounted on a rosette sampler equipped with 12 l Niskin bottles.

Euphausiids were captured at night using a Bongo plankton net fitted with a 200 µm

mesh and a non-filtering cod-end deployed in horizontal hauls between 0 and 50 m depth.

From the plankton sample, euphausiids were sorted and those undamaged with active

swimming behavior were selected for the experiments. One single euphausiid was in-

troduced into each experimental bottle (0.5 L), which was filled with filtered (0.2 µm

Whatman ® Polycap TC encapsulated filter) and oxygenated surface sea water. Oxygen

consumption measurements were carried out using two 4-channel FireSting-O2 meter, us-

ing 3 channels for the experimental organisms and one for the background respiration

(without organism). Oxygen contactless sensors (Pyroscience, OXSP5) were attached to

the experimental bottles for contactless oxygen read-out. Incubations were conducted

placing the experimental bottles inside thermoregulated baths (15.5±0.5↑C) in darkness.

Total respiration rates (µl O2·ind→1·h→1) were estimated as the regression slopes of oxygen

concentration over time, subtracting background respiration. The first thirty minutes were

discarded due to oxygen stabilization inside the bottles and the experiment ranged be-

tween 6.5 and 9 hours according to the oxygen concentration in the experimental bottles,

that normally decreased from 100% to 85–90% of oxygen saturation. After the respiration
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assays, euphausiids were picked and frozen in liquid nitrogen (-196 ↑C) for later analysis.

In the laboratory, before the ETS analysis, euphausiids were classified to species level (or

genus when further classification was not possible), photographed and digitized using a

Nikon digital camera.

Figure 4.1. Locations of sampling stations during the DESAFIO 1 cruise conducted in
February 2023. The background colours depict the monthly average sea surface temper-
ature (SST, ↑C). The coloured dots indicate the specific stations where experiments were
carried out.

4.3.2. Specific ETS activity and protein content

Electron transfer system (ETS) activity was measured following the method of (Packard,

1971) modified by Owens and King (1975); Kenner and Ahmed (1975); Gómez et al.

(1996). Frozen samples were homogenized at the laboratory in a Teflon pestle at 0-4↑C

to avoid degradation of enzyme activity and proteins. Then, the homogenates were cen-

trifuged at 4000 rpm at 4↑C for 10 min. An aliquot was subsampled from the homogenate,

incubated at 18↑C in darkness using NADH, NADPH, succinate, and a tetrazolium salt

(INT) as the artificial electron acceptor. After 20 min, the incubation was stopped with a

quench solution. The ETS activity was estimated spectrophotometrically at 490 nm with
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a turbidity baseline of 750 nm. In order to correct ETS activity for in situ temperature, we

used the Arrhenius equation and an activation energy of 15 kcal mol→1 (King and Packard,

1975). Protein content was determined using the method of Lowry et al. (1951) modified

by Rutter (1967), and using bovine serum albumin (BSA) as the standard. Finally, protein

specific respiration rates (µl O2·mg prot→1·h→1) were estimated to compared with the spe-

cific ETS activities (µl O2·mg prot→1·h→1) and to estimate the R/ETS ratios.

4.3.3. Estimation of respiration rates and ETS activity in the epipelagic

and mesopelagic layer

ETS activity of organisms incubated for respiration experiments and captured in the

0-50 m depth layer were converted to ETS activities in the epipelagic (0-200 m) and

mesopelagic (200-1000 m) layers using the Arrhenius equation and the temperature of

each layer. Respiration rates in the upper 50 m were directly measured, while rates for

the epipelagic (0-200 m) and mesopelagic (200-1000 m) layers were estimated based on

the measured rates from the 0-50 m depth using a Q10 value of 3 (Hernández-León et al.,

2019b), which represents the factor by which the respiration rate increases for every 10↑C

rise in temperature, and the temperature (T) at each layer:

Respiration rate (0→200 m depth) = Respiration rate (0→50 m depth) ! 3
T(0→200 m depth)→T(0→50 m depth)

10

Respiration rate (200→1000 m depth) = Respiration rate (0→50 m depth) ! 3
T(200→1000 m depth)→T(0→50 m depth)

10

Both the Q10 value and the Arrhenius equation are used to describe the temperature de-

pendence of biological and chemical processes, but they are applied differently based on

the nature of the processes they describe and the assumptions behind each model. The Q10

value is commonly used in biological sciences to describe the temperature sensitivity of

metabolic processes, including respiration, as it provides a simple and empirical measure

of how these rates change with temperature (Mundim et al., 2020). In contrast, the Ar-
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rhenius equation is based on the fundamental principles of chemical kinetics and provides

insight into the energy barriers that must be overcome for electron transfer reactions to

occur, making it directly related to the molecular and energetic properties of the enzymes

and substrates involved (Owens and King, 1975).

4.3.4. Data analysis

The relationships between specific respiration rates and specific ETS activities, and the

relationships between protein content and respiration rates were fitted using linear regres-

sion. Because of the general trend that metabolism is a power function of body weight, the

values were log-transformed. Pearson’s correlation was used to evaluate the relationship

between euphausiids respiration rates, ETS activities, and R/ETS ratios against tempera-

ture, oxygen concentration, chlorophyll a values, and primary production. Differences in

respiration rates between stations were tested using the analysis of the variance (one-way

ANOVA). Respiration rates were transformed using a Box-Cox transformation to adjust

normality. Normality was tested using the Shapiro-Wilk Test and homoscedasticity using

the Bartlett test. Finally, a Generalized Additive Model (GAM) was applied to model the

relationship between the response variable (respiration rates measured from euphausiids

captured at night in the epipelagic layer) and predictors (individual protein content and

environmental conditions in the epipelagic and mesopelagic layer). All analyses were per-

formed in the programming language R (R Core Team, 2024). The map of the sampling

region was created using the geographic information system QGIS (V.3.38.2) (QGIS De-

velopment Team, 2024).
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4.4. Results

In the latitudinal transect, temperature values (Fig. 4.2a) increased from ST11 to ST5

in the epipelagic layer (0-200 m depth), while in the longitudinal transect (Fig. 4.2b) tem-

perature was similar in all stations but slightly decreasing close to the African coast (i.e.,

ST1 and ST2). Oxygen vertical profiles (Fig. 4.2c) showed higher oxygen concentration

in the epipelagic layer of the latitudinal transect, specially from ST11 to ST8. In the lon-

gitudinal transect (Fig. 4.2d), oxygen vertical profiles in the epipelagic layer showed an

increase from the open ocean to the coast. On the other hand, mesopelagic oxygen con-

centration increased from the coast to the open ocean (from ST1 to ST6), reaching the

highest values from ST11 to ST8. Vertical profiles of chlorophyll a (Chl a) in the upper

200 m layer showed higher values at the northern stations of the latitudinal transect (Fig.

4.2e) and at the stations close to the African coast (Fig. 4.2f).

Respiration rates measured in euphausiids captured in the first 0-50 m of the water

column ranged from 19.65 ± 9.91 µl O2·mg prot→1·h→1 at ST10 to 4.64 ± 2.11 µl O2·mg

prot→1·h→1 at ST3 (Table 4.1), displaying higher values at those stations where higher val-

ues of oxygen and Chl a were found (i.e. from ST10 to ST6). Respiration rates measured

in the upper 50 m depth were similar to the rates estimated for the epipelagic layer (0-200

m depth) using the measured ETS and applying a Q10 value of 3 (Fig. 4.3a). In contrast,

the estimated respiration rates for the mesopelagic layer (200-1000 m depth) were lower

as expected (Fig. 4.3a, Table 4.1). Specific ETS activity, estimated using the Arrhenius

equation as mentioned above (Fig. 4.3b), showed a similar pattern as the respiration rates,

with higher values at ST10 decreasing along the latitudinal transect, and slightly increasing

close to the African upwelling (ST1). R/ETS ratios in the upper 0-50 m depth ranged from

1.19 ± 0.49 at ST6 to 0.65 ± 0.12 at ST3 in the 0-50 m depth layer (Table 4.1, Fig. 4.3c),

displaying similar values as the R/ETS obtained for the epipelagic layer (ranging from

1.18 ± 0.34 to 0.64 ± 0.12, respectively) and slightly higher than those obtained at depth
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(ranging from 1.05 ± 0.3 to 0.56 ± 0.11, respectively) (Table 4.1). Estimated respiration

for the epipelagic layer (0-200 m depth) showed a significant relationship with epipelagic

specific ETS values (R2 = 0.73, p<0.001, n = 66, see Fig. 4.4) and mesopelagic specific

ETS values (R2 = 0.76, p<0.001, n = 66). Total respiration rates (Fig. 4.5a) showed a

positive relationship with body weight as protein content, while specific respiration rate

(µl O2·mg prot→1·h→1) significantly decreased with the increasing body weight as expected

(Fig. 4.5b).

Pearson’s correlation showed a significant negative correlation between the averaged

epipelagic temperature and the respiration rates estimated for the epipelagic (r = -0.7,

p<0.05) and for the mesopelagic layer (r = -0.77, p<0.05) (Fig. 4.6a, Supp. Table 3a).

Moreover, specific ETS activity estimated for the mesopelagic layer also showed a signif-

icant negative correlation with the epipelagic temperature (r = -0.7, p<0.05) (Fig. 4.6b,

Supp. Table 3a). However, no significant correlations were found between the epipelagic

temperature and the epipelagic specific ETS activity nor the R/ETS ratios (Fig. 4.6bc,

Supp. Table 4.4). On the other hand, a strong significant positive correlation was found

between the epipelagic oxygen concentration (ml·L→1) (Fig. 4.6 upper panel) and the esti-

mated respiration rates (µl O2·mg prot→1·h→1), both for the epipelagic (r = 0.95, p<0.001)

and for the mesopelagic (r = 0.96, p<0.001) (Fig. 4.7a, Supp. Table 4.4) layers, as well

as between the epipelagic oxygen concentration and the specific ETS activity, also for the

epipelagic (r = 0.94, p<0.001) and for the mesopelagic (r = 0.96, p<0.001) (Fig. 4.7b,

Supp. Table 4.4) layers. Likewise, mesopelagic oxygen concentration (Fig. 4.7 lower

panel) also showed a strong significant positive correlation between the estimated respi-

ration rates, both for the epipelagic (r = 0.78, p<0.05) and for the mesopelagic (r = 0.77,

p<0.05) (Fig. 4.7d, Supp. Table 4.4) layer, and with the ETS activity for the epipelagic (r

= 0.71, p<0.05) and mesopelagic (r = 0.72, p<0.05) (Fig. 4.7e, Supp. Table 4.4) layers.

However, no significant correlations were found between the epipelagic and mesopelagic

oxygen concentration and the R/ETS ratios (Fig. 4.7cf, Supp. Table 4.4). Finally, average
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Chl a (Fig. 4.8 upper panel) and net primary production (Fig. 4.8 lower panel) obtained

in the epipelagic layer did not show any correlation between the respiration rates, the ETS

activities, nor the R/ETS ratios (Fig. 4.8cf, Table 4.4).
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Figure 4.2. Vertical distribution of (a-b) temperature (↑C), (c-d) oxygen (ml·L→1), and (e-f) chlorophyll a (mg·m→3) along the latitudinal
(left panel) and longitudinal (right panel) transects sampled during the DESAFIO 1 cruise. Note the different y-axes for the chlorophyll
a vertical profiles129
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Table 4.1. Euphausiid biomass (mg protein·ind→1), respiration rates (µl O2·mg prot→1·h→1), specific (sp) ETS activities (µl O2·mg
prot→1·h→1), and R/ETS ratios measured in the 0-50 m depth layer, estimated for the epipelagic (0-200 m depth) and mesopelagic (200-
1000 m depth) layers.

Station n
Body weight

(mg protein·ind→1)

Respiration

(µl O2·mg prot→1·h→1)

sp ETS activity

(µl O2·mg prot→1·h→1)
R/ETS

0-50 m
0-200 m

(Q10=3)

200-1000 m

(Q10=3)
0-50 m 0-200 m 200-1000 m 0-50 m 0-200 m 200-1000 m

ST10 7 1.39±2.81 19.65±9.91 19.3±9.74 12.52±6.52 22.82±5.88 22.49±5.8 15.66±4.03 0.85±0.32 0.85±0.31 0.79±0.29

ST8 6 0.46±0.27 14.05±6.86 12.58±6.14 7.6±3.71 12.39±4.65 11.31±4.25 7.43±2.79 1.15±0.48 1.13±0.47 1.04±0.43

ST6 6 1.15±0.9 10.82±11.36 10.39±10.91 5.36±5.63 8.36±6.78 8.09±6.56 4.70±3.81 1.19±0.34 1.18±0.34 1.05±0.3

ST5 11 1.19±1.07 4.98±3.87 4.76±3.69 2.30±1.78 6.34±4.28 6.11±4.12 3.39±2.28 1.06±0.88 1.05±0.87 0.92±0.76

ST4 11 0.55±0.17 8.97±3.59 8.78±3.51 4.06±1.62 12.18±3.1 11.97±3.05 6.35±1.62 0.75±0.24 0.75±0.24 0.65±0.21

ST3 7 0.65±0.23 4.64±2.11 4.35±1.97 2.09±0.95 7.152.66 6.79±2.52 3.72±1.38 0.65±0.12 0.64±0.12 0.56±0.11

ST2 12 0.7±0.12 4.66±1.55 4.20±1.39 2.05±0.68 5.57±2.39 5.12±2.19 2.84±1.22 0.88±0.12 0.86±0.11 0.76±0.10

ST1 6 1.09±0.44 5.73±5.58 5.17±5.03 2.71±2.64 6.50±5.66 5.97±5.21 3.49±3.04 0.82±0.13 0.80±0.13 0.72±0.12
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Figure 4.3. (a) Respiration rates (µl O2·mg prot→1·h→1), (b) protein normalized ETS ac-
tivity (µl O2·mg prot→1·h→1), and (c) R/ETS ratios of migrant euphausiids obtained from
incubations conducted along the oceanographic stations in the Atlantic transect. Measure-
ments were estimated at surface temperature (orange), for the epipelagic layer (green), and
for the mesopelagic temperature (blue) at each station (see text). Vertical lines indicate the
standard error.
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Figure 4.4. Relationship between euphausiid respiration rates and specific (sp) ETS activ-
ity estimated for the a) epipelagic (0-200 m depth) and the b) mesopelagic layer (200-1000
m depth). See text for explanation.
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Figure 4.5. Relationship between euphausiid body weight (as protein content) and (a)
total respiration rates (µl O2·ind→1·h→1) and (b) respiration rate (µl O2·mg prot→1·h→1) in
the epipelagic layer (0-200 m depth).
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Figure 4.6. Pearson’s correlation between temperature (↑C) in the epipelagic layer and
average (a) respiration (µl O2·mg prot→1·h→1), (b) specific (sp) ETS activity (µl O2·mg
prot→1·h→1), and (c) the R/ETS ratio in the epipelagic and mesopelagic layers per station.
Only significant correlations are indicated with a line and standard deviation. Colours and
numbers represent the stations.

Figure 4.7. Pearson’s correlation between oxygen (ml·l→1) in the epipelagic (upper panel)
and mesopelagic (lower panel) layers and average (a,d) respiration (µl O2·mg prot→1·h→1),
(b,e) specific (sp) ETS activity (µl O2·mg prot→1·h→1), and (c,f) the R/ETS ratio in the
epipelagic and mesopelagic layers per station. Only significant correlations are indicated
with a line and standard deviation. Colours and numbers represent the stations.
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Figure 4.8. Upper panel: Pearson’s correlation between chlorophyll a (mg·m→3) in the
epipelagic layer and average (a) respiration (µl O2·mg prot→1·h→1), (b) specific (sp) ETS
activity (µl O2·mg prot→1·h→1), and (c) the R/ETS ratio in the epipelagic and mesopelagic
layers per station. Lower panel: Pearson’s correlation between net primary production (mg
C·m→2·d→1) in the epipelagic layer and average (d) respiration (µl O2·mg prot→1·h→1), (e)
specific (sp) ETS activity (µl O2·mg prot→1·h→1), and (f) the R/ETS ratio in the epipelagic
and mesopelagic layers per station. Only significant correlations are indicated with a line
and standard deviation. Colours and numbers represent the stations.

The ANOVA results showed significant differences between stations (F value = 6.55,

p<0.001, df = 7), thus we modeled the variability of the respiration rates in the epipelagic

layer between stations according to the environmental variables in the epipelagic and

mesopelagic layers using a GAM, as mentioned above. Estimated coefficients from the

best-fitting GAM based on different combinations of explanatory variables for the re-

sponse variables are summarized in Table 4.2. The best-fitting GAM was selected us-

ing the Akaike information criterium (AIC, see Akaike, 1974). The optimal model in-

cluded the effect of body weight, oxygen, and chlorophyll a in the epipelagic layer, and

the interaction of temperature in the epipelagic layer and the oxygen concentration in the

mesopelagic layer:
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g(Y) = Protein + s(OxygenEpipelagic Layer) + s(ChlorophyllEpipelagic Layer) +

s(TemperatureEpipelagic Layer ! OxygenMesopelagic Layer)

where g() stands for the function of the response variable (Box-Cox transformed, here

respiration rates) and s() denotes the smoother functions.

Table 4.2. Estimated coefficients for selected variables from the best-fitting Generalized
Additive Model (GAM) for the response variables.

Respiration rates

(in µl O2·mg prot→1·h→1)

F value p-value

Body weight 9.37 <0.01

s(Oxygen Epipelagic Layer) 84.39 <0.001

s(Chlorophyll Epipelagic Layer) 3.59 0.05

s(Temperature Epipelagic Layer !

Oxygen Mesopelagic Layer)
49.5 <0.001

4.5. Discussion

Euphausiid respiration rates, specific ETS activity, and R/ETS were estimated along

a latitudinal and a longitudinal transect in the North Atlantic Ocean. To our knowledge,

this is the first attempt to calibrate respiration rates and ETS activity through experimen-

tal measurements in euphausiids. We observed higher R/ETS ratios than the conservative

value of 0.5 commonly used to assess the respiratory flux (Table 4.1) and found a close re-

lationship between respiration rates and specific ETS activity (Fig. 4.4), with rates highly

influenced by the oxygen concentration (Fig. 4.7).

Respiration rates in euphausiids are influenced by various environmental factors, such

as temperature, body size, feeding rates, and the number of daylight hours (Clarke and
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Morris, 1983). Significant variations were also observed among different species and

seasons (Small and Hebard, 1967; Tremblay et al., 2014; Tarling, 2020). As previously

reported by Ikeda (2013a), we also obtained an increase of total respiration rates with

weight (Fig. 4.5a) and a decrease of specific respiration rate with the increasing of body

weight (Fig. 4.5b), as body mass is one of the major determinants of zooplankton respira-

tion rates (Hernández-León and Ikeda, 2005). Our results showed significant correlations

between temperature (Fig. 4.6) and oxygen concentration (Fig. 4.7) with specific respi-

ration rates and ETS activities. However, the correlations between chlorophyll a values

and primary production with respiration rates, specific ETS activity, or R/ETS ratios were

not statistically significant (Fig. 4.8), although the GAM results indicated that chloro-

phyll a significantly influences respiration rates (Table 4.2). This disagreement suggests

that chlorophyll a, while not the primary driver, provides additional explanatory power in

predicting euphausiid respiration rates (Chen and Smith, 2018). Indeed, the relationship

between primary production and euphausiids’ respiration rates, abundance, and species

diversity is not straightforward (Tremblay et al., 2020). The GAM approach allows the

detection of nonlinear relationships and the interactions between multiple environmental

variables, thus revealing the indirect influence of chlorophyll a on euphausiid metabolism.

In any case, our findings indicated that chlorophyll a does not directly influence respiration

rates. Instead, other environmental factors such as temperature and oxygen concentration

appear to have a more direct impact on respiration rates and specific ETS activity.

Temperature has different impacts on euphausiids respiration rates depending on the

oxygen concentration (Tremblay et al., 2020). Moreover, oxygen in the mesopelagic layer

also affects zooplankton by influencing their community structure, vertical distribution

(Ekau et al., 2010), metabolic activity (Kiko and Hauss, 2019), feeding, and excretion

rates (Robinson et al., 2010). Our findings, supported by the Generalized Additive Model

(GAM) results (Table 4.2) and the Pearson’s correlations (Fig. 4.6 and 4.7), indicated

that temperature and oxygen concentration significantly influenced euphausiids respira-
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tion rates. However, we observed a negative correlation between temperature and both

euphausiid respiration rates and ETS activity, which contrasts with previous research on

the effects of temperature on euphausiids metabolism (Iguchi and Ikeda, 2005; Kiko and

Hauss, 2019). This discrepancy may be attributed to oxygen concentration having a greater

impact on the metabolism of these organisms than temperature, as we obtained the highest

respiration rates in areas with high mesopelagic oxygen concentration, lower epipelagic

temperatures, and high chlorophyll a values (i.e., ST10 and ST8, Table 4.1). Similar re-

sults were previously reported by Kiko and Hauss (2019) in the Tropical Pacific, where

theirs results indicated that oxygen is a key environmental variable that scales metabolic

activity. However, research has focused on scenarios involving increasing temperatures

and low oxygen concentrations, which could negatively impact hypoxia tolerance due to

increased energy expenditures (Ekau et al., 2018). Yet, in this study, the higher respiration

rates were observed in areas characterised by low temperature but high oxygen concen-

trations. Further research is needed to unravel the combined effects of temperature and

oxygen concentrations on euphausiid physiological rates.

The influence of mesopelagic oxygen concentration on the euphausiids’ respiration

rates and enzymatic activity might be attributed to the diverse responses to varying oxy-

gen levels. Some species exhibit a high degree of oxyconformity, decreasing their oxy-

gen consumption rates as oxygen levels decline. Conversely, other species display strong

oxyregulation, maintaining a consistent oxygen uptake irrespective of ambient oxygen

levels (Herrera et al., 2019; Tremblay et al., 2020). Other individuals, at the limit of their

aerobic scope (the difference between the routine and the maximum metabolic rate), reach

a point where oxygen levels in the body fluids begin to decline and the capacity to ad-

just respiration becomes gradually limited (Pörtner, 2002). At this point, they reverted to

anaerobic mode of mitochondrial metabolism caused by an excessive oxygen demand if

reached the critical threshold temperature (Ollier et al., 2018; Tarling, 2020). The different

adaptations of euphausiids to low dissolved oxygen concentrations affect the respiration
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rates reflecting their ecophysiological plasticity (Werner, 2013) and are linked to the tem-

perature they experience during the diel vertical migration (Tremblay et al., 2020). This

leads to a vertical limitation of habitats for these diel vertical migrant organisms, shaping

the different species’ behavior, distribution and physiological processes (Tremblay et al.,

2020). Under the actual global warming scenario of expanding and intensifying oxygen

minimum zones (Stramma et al., 2008), and considering the key position of euphausiids in

the trophic web dynamics (Lee et al., 2022), the physiological and behavioral adaptions,

and strategies of these organisms to different levels of oxygen and temperatures should be

further addressed.

The R/ETS ratio has been subject of debate since Packard et al. (1974). It appears that

the R/ETS ratio in marine zooplankton is influenced by a combination of factors, including

zooplankton size, temperature, metabolic activity, primary production, and the limitations

of the measurement techniques used (Hernández-León and Gómez, 1996). However, the

available database on R/ETS ratios remains relatively limited, which hampers the compre-

hensive study of the variables affecting respiration rates, thus the ETS activities and R/ETS

ratios. High R/ETS ratios were associated with fed organisms exhibiting higher average

respiration but lower ETS activity at the end of incubation, while lower R/ETS ratios are

associated with low primary production scenarios (Hernández-León and Gómez, 1996).

Despite these findings, the influence of oxygen concentration on R/ETS ratios in zoo-

plankton was not previously studied. To explore the impact of environmental variables on

the estimated epipelagic and mesopelagic R/ETS ratios, we applied the Generalized Addi-

tive Model (GAM) fitted for respiration rates. This approach was chosen due to the lack of

significant correlations between temperature, oxygen concentration, chlorophyll a, or pri-

mary production values and the R/ETS ratios. While epipelagic oxygen and chlorophyll a

significantly influenced (p<0.05 and p<0.0001, respectively) the epipelagic R/ETS ratios,

both the epipelagic oxygen concentration (p = 0.05), chlorophyll a (p<0.001), and the in-

teraction between epipelagic temperature and mesopelagic oxygen concentration (p<0.05)
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influenced the mesopelagic R/ETS ratios. These results suggest a dependence between the

respiration rates in the epipelagic layer during the nighttime (expected to be higher with in-

creasing chlorophyll a ) and the mesopelagic R/ETS during the daytime (due to increased

metabolism at their residence depth), supporting the indirect influence of chlorophyll a on

euphausiid metabolism.

Most studies quantifying the carbon transported to the deep ocean due to zooplank-

ton and micronekton diel vertical migrations use a conservative R/ETS ratio of 0.5 (e.g.

Ariza et al., 2015; Hernández-León et al., 2019; Hernández-León et al., 2019b; Sarmiento-

Lezcano et al., 2022). However, it is known that R/ETS values are quite variable, usually

ranging from 0.5 to 1.0, or even reaching ratios over 1 during periods of high primary

production or nutrient-rich conditions (Hernández-León and Gómez, 1996). Using a sin-

gle, fixed R/ETS ratio to estimate respiration from ETS measurements may lead to over-

or underestimation of carbon flux, given that the ratio is not constant. In this context, we

obtained a mean R/ETS value of 0.91 ± 0.19 (n = 66) in the epipelagic layer for different

species of euphausiids (Table 3a), similarly to the R/ETS value of 0.96 ± 0.29 obtained by

Hernández-León et al. (2019b) for migrant copepods. The estimated mean R/ETS ratio for

the mesopelagic layer (Table 4.1) obtained in this study was 0.81 ± 0.18, indicating that

respiration rates are higher compared to the conservative value of 0.5 commonly used.

Consequently, a larger quantity of carbon is likely to be transported to the deep ocean

due to migrant zooplankton and micronekton respiration at depth. The respiration of the

mesopelagic organisms is a key controlling factor of carbon export to the deep ocean and

plays a significant role in active carbon flux. Understanding the processes and mechanisms

of mesopelagic respiration is crucial for accurately modelling and predicting the carbon

cycle in the ocean.
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4.6. Conclusions

In summary, we conducted respiration rate measurements on euphausiids captured in

the epipelagic layer at night in areas with different environmental conditions. The result-

ing R/ETS ratios, both in the epipelagic and the mesopelagic layers, were higher than the

conservative value of 0.5 typically used to assess active flux. We employed a GAM model

to explore the relationship between the respiration rates obtained in the epipelagic layer at

night and the environmental variables, revealing the influence of epipelagic oxygen con-

centration, chlorophyll a, and the interaction of epipelagic temperature and mesopelagic

oxygen concentration on euphausiids respiration rates. However, further research is needed

to evaluate the combined effects of the environmental variables on the respiration rates, as

well as R/ETS ratios, in both the epipelagic and mesopelagic layer, and their influence on

the biological carbon pump.
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Table 3a. Euphausiid biomass (mg protein·ind→1), respiration rates (µl O2·mg prot→1·h→1), specific (sp) ETS activities (µl O2·mg
prot→1·h→1), and R/ETS ratios measured in the 0-50 m depth layer, estimated for the epipelagic (0-200 m depth) and mesopelagic
(200-1000 m depth) layers.

Station Species Body weight
(mg protein·ind→1)

Respiration
(µl O2·mg prot→1·h→1)

sp ETS activity
(µl O2·mg prot→1·h→1) R/ETS

0-50 m 0-200 m
(Q10=3)

200-1000 m
(Q10=3) 0-50 m 0-200 m 200-1000 m 0-50 m 0-200 m 200-1000 m

ST10 Euphausia krohnii 0.57 31.60 31.05 20.14 24.42 24.07 16.75 1.29 1.29 1.20
ST10 Euphausia krohnii 0.55 31.44 30.90 20.04 26.68 26.30 18.31 1.18 1.17 1.09
ST10 Euphausia krohnii 0.55 25.96 25.51 16.55 27.59 27.19 18.93 0.94 0.94 0.87
ST10 Euphausia hemigibba 0.53 10.27 10.09 6.54 25.70 25.33 17.63 0.40 0.40 0.37
ST10 Nematobrachion flexipes 0.59 16.98 16.68 10.82 22.78 22.45 15.62 0.75 0.74 0.69
ST10 Euphausia hemigibba 0.59 12.90 12.68 8.22 22.37 22.05 15.35 0.58 0.58 0.54
ST10 Thysanopoda obustifrons 6.33 8.37 8.23 5.34 10.22 10.07 7.01 0.82 0.82 0.76

1.39±2.18 19.65±9.91 19.30±9.74 12.52±6.32 22.82±5.88 22.49±5.8 15.66±4.03 0.85±0.32 0.85±0.32 0.79±0.29
ST8 Euphausia krohnii 0.26 21.30 19.06 11.51 18.10 16.53 10.86 1.18 1.15 1.06
ST8 Euphausia americana 0.89 3.93 3.52 2.13 5.55 5.07 3.33 0.71 0.69 0.64
ST8 Euphausia americana 0.24 15.63 13.98 8.45 11.37 10.39 6.82 1.37 1.35 1.24
ST8 Euphausia americana 0.70 8.36 7.48 4.52 17.21 15.71 10.33 0.49 0.48 0.44
ST8 Euphausia americana 0.25 20.80 18.62 11.24 11.70 10.69 7.02 1.78 1.74 1.60
ST8 Euphausia sp. 0.43 14.30 12.80 7.73 10.39 9.49 6.23 1.38 1.35 1.24

0.46±0.27 14.05±6.86 12.58±6.14 7.60±3.71 12.39±4.65 11.31±4.25 7.43±2.79 1.15±0.48 1.13±0.47 1.04±0.43
ST6 Euphausia krohnii 2.47 4.80 4.61 2.38 5.33 5.16 3.00 0.90 0.89 0.79
ST6 Euphausia krohnii 0.45 33.56 32.22 16.63 21.34 20.65 12.00 1.57 1.56 1.39
ST6 Euphausia americana 0.67 7.39 7.09 3.66 5.35 5.17 3.01 1.38 1.37 1.22
ST6 Euphausia krohnii 2.11 2.73 2.62 1.35 3.15 3.04 1.77 0.87 0.86 0.76
ST6 Euphausia krohnii 0.60 7.42 7.12 3.68 4.83 4.68 2.72 1.53 1.52 1.35
ST6 Euphausia krohnii 0.57 9.04 8.68 4.48 10.17 9.84 5.72 0.89 0.88 0.78

1.15±0.90 10.82±11.36 10.39±10.91 5.36±5.63 8.36±6.78 8.09±6.56 4.70±3.81 1.19±0.34 1.18±0.34 1.05±0.30
ST5 Euphausia krohnii 0.37 8.78 8.38 4.04 7.96 7.66 4.25 1.10 1.09 0.95
ST5 Euphausia americana 0.38 13.29 12.68 6.12 11.61 11.18 6.19 1.14 1.13 0.99
ST5 Euphausia sp. 0.67 6.04 5.77 2.78 10.60 10.21 5.66 0.57 0.56 0.49
ST5 Euphausia krohnii 0.69 8.84 8.43 4.07 2.57 2.47 1.37 3.45 3.41 2.97
ST5 Euphausia krohnii 3.34 1.93 1.84 0.89 10.35 9.97 5.52 0.19 0.18 0.16
ST5 Euphausia americana 2.33 1.16 1.11 0.53 0.84 0.81 0.45 1.39 1.37 1.20
ST5 Euphausia americana 2.78 0.99 0.94 0.46 1.05 1.02 0.56 0.94 0.93 0.81
ST5 Euphausia americana 0.55 3.45 3.30 1.59 5.70 5.49 3.04 0.61 0.60 0.52
ST5 Euphausia krohnii 0.63 3.97 3.79 1.83 11.57 11.14 6.17 0.34 0.34 0.30
ST5 Euphausia hemigibba 0.68 3.60 3.44 1.66 5.36 5.16 2.86 0.67 0.67 0.58
ST5 Euphausia americana 0.68 2.79 2.67 1.29 2.18 2.10 1.16 1.28 1.27 1.11

1.19±1.07 4.99±3.87 4.76±3.69 2.30±1.78 6.34±4.28 6.11±4.12 3.38±2.28 1.06±0.88 1.05±0.87 0.92±0.76
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Table 3b. Continued: Euphausiid biomass (mg protein·ind→1), respiration rates (µl O2·mg prot→1·h→1), specific (sp) ETS activities (µl
O2·mg prot→1·h→1), and R/ETS ratios measured in the 0-50 m depth layer, estimated for the epipelagic (0-200 m depth) and mesopelagic
(200-1000 m depth) layers.

ST4 Euphausia hemigibba 0.59 8.64 8.46 3.91 13.26 13.04 6.91 0.65 0.65 0.56
ST4 Euphausia krohnii 0.76 5.07 4.96 2.29 6.30 6.19 3.28 0.80 0.80 0.70
ST4 Euphausia krohnii 0.59 6.78 6.63 3.06 6.39 6.29 3.33 1.06 1.06 0.92
ST4 Euphausia krohnii 0.60 8.17 7.99 3.69 12.40 12.19 6.46 0.66 0.66 0.57
ST4 Euphausia krohnii 0.58 7.76 7.59 3.51 12.44 12.23 6.48 0.62 0.62 0.54
ST4 Euphausia hemigibba 0.26 16.54 16.18 7.47 14.09 13.85 7.34 1.17 1.17 1.02
ST4 Euphausia hemigibba 0.54 7.44 7.28 3.36 11.93 11.73 6.22 0.62 0.62 0.54
ST4 Euphausia krohnii 0.66 7.65 7.49 3.46 16.04 15.77 8.36 0.48 0.47 0.41
ST4 Euphausia krohnii 0.78 6.03 5.89 2.72 13.67 13.44 7.13 0.44 0.44 0.38
ST4 Euphausia krohnii 0.31 15.00 14.67 6.78 14.50 14.25 7.56 1.03 1.03 0.90
ST4 Euphausia krohnii 0.40 9.63 9.42 4.35 12.94 12.72 6.75 0.74 0.74 0.65

0.55±0.17 8.97±3.59 8.78±3.51 4.06±1.62 12.18±3.10 11.97±3.05 6.35±1.62 0.75±0.24 0.75±0.24 0.65±0.21
ST3 Euphausia krohnii 0.60 3.42 3.20 1.54 6.17 5.86 3.21 0.55 0.55 0.48
ST3 Euphausia krohnii 1.08 3.66 3.43 1.65 6.59 6.25 3.42 0.56 0.55 0.48
ST3 Euphausia krohnii 0.58 8.36 7.83 3.77 9.44 8.95 4.90 0.89 0.87 0.77
ST3 Euphausia americana 0.48 5.71 5.35 2.57 10.56 10.02 5.49 0.54 0.53 0.47
ST3 Euphausia krohnii 0.60 4.24 3.97 1.91 6.10 5.78 3.17 0.70 0.69 0.60
ST3 Euphausia krohnii 0.81 1.73 1.62 0.78 2.57 2.44 1.33 0.67 0.67 0.58
ST3 Euphausia krohnii 0.40 5.37 5.03 2.42 8.64 8.20 4.49 0.62 0.61 0.54

0.65±0.23 4.64±2.11 4.35±1.97 2.09±0.95 7.15±2.66 6.79±2.52 3.71±1.38 0.65±0.12 0.64±0.12 0.56±0.11
ST2 Euphausia americana 0.75 3.33 3.00 1.47 3.20 2.94 1.63 1.04 1.02 0.90
ST2 Euphausia americana 0.72 2.15 1.94 0.95 2.23 2.05 1.14 0.96 0.95 0.83
ST2 Euphausia americana 0.75 3.00 2.70 1.32 3.26 2.99 1.66 0.92 0.90 0.80
ST2 Euphausia americana 0.52 4.81 4.33 2.12 5.83 5.36 2.97 0.82 0.81 0.71
ST2 Euphausia krohnii 0.72 3.89 3.50 1.71 4.04 3.71 2.06 0.96 0.94 0.83
ST2 Euphausia americana 0.90 3.01 2.71 1.33 3.13 2.88 1.60 0.96 0.94 0.83
ST2 Euphausia krohnii 0.75 5.02 4.52 2.21 5.80 5.33 2.95 0.87 0.85 0.75
ST2 Euphausia krohnii 0.72 5.56 5.00 2.45 5.86 5.38 2.98 0.95 0.93 0.82
ST2 Euphausia krohnii 0.72 5.90 5.32 2.60 9.02 8.28 4.59 0.65 0.64 0.57
ST2 Euphausia americana 0.50 6.80 6.13 3.00 7.76 7.12 3.95 0.88 0.86 0.76
ST2 Euphausia krohnii 0.54 6.53 5.88 2.88 8.13 7.47 4.14 0.80 0.79 0.69
ST2 Euphausia krohnii 0.75 5.93 5.35 2.61 8.57 7.87 4.36 0.69 0.68 0.60

0.69±0.12 4.66±1.55 4.20±1.39 2.05±0.68 5.57±2.39 5.12±2.19 2.83±1.22 0.88±0.12 0.86±0.11 0.76±0.10
ST1 Euphausia krohnii 1.18 2.50 2.25 1.18 2.88 2.65 1.55 0.87 0.85 0.76
ST1 Euphausia krohnii 1.24 14.19 12.79 6.71 14.36 13.19 7.71 0.99 0.97 0.87
ST1 Euphausia krohnii 0.45 11.47 10.34 5.43 13.14 12.08 7.06 0.87 0.86 0.77
ST1 Euphausia krohnii 0.97 2.53 2.28 1.20 3.88 3.56 2.08 0.65 0.64 0.57
ST1 Euphausia krohnii 0.93 2.36 2.13 1.12 2.69 2.48 1.45 0.88 0.86 0.77
ST1 Euphausia krohnii 1.80 1.34 1.20 0.63 2.02 1.86 1.09 0.66 0.65 0.58

1.09±0.44 5.73±5.58 5.17±5.03 2.71±2.64 6.50±5.66 5.97±5.21 3.49±3.04 0.82±0.13 0.80±0.13 0.72±0.12
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Table 4.4. Results of Pearson’s correlation between temperature (°C), oxygen (ml·L→1), chlorophyll a (measured as fluorescence,
mg·m→3), and net primary production (mg C·m→2·d→1) with the average respiration (µl O2·mg prot→1·h→1), specific ETS activity (µl
O2·mg prot→1·h→1), and R/ETS ratios of euphausiids in the epipelagic and mesopelagic layers.

Environmental data Parameter df p-value r

Temperature in the
Epipelagic layer
(Figure 6)

Respiration (Epipelagic layer) 6 <0.05 -0.7
Respiration (Mesopelagic layer) 6 <0.05 -0.77
sp ETS activity (Epipelagic layer) 6 0.09 -0.63
sp ETS activity (Mesopelagic layer) 6 <0.05 -0.7
R/ETS (Epipelagic layer) 6 0.75 -0.13
R/ETS (Mesopelagic layer) 6 0.56 -0.24

Oxygen in the
Epipelagic layer
(Figure 7)

Respiration (Epipelagic layer) 6 <0.001 0.95
Respiration (Mesopelagic layer) 6 <0.001 0.96
sp ETS activity (Epipelagic layer) 6 <0.001 0.94
sp ETS activity (Mesopelagic layer) 6 <0.001 0.96
R/ETS (Epipelagic layer) 6 0.69 0.17
R/ETS (Mesopelagic layer) 6 0.55 0.25

Oxygen in the
Mesopelagic layer
(Figure 7)

Respiration (Epipelagic layer) 6 <0.05 0.78
Respiration (Mesopelagic layer) 6 <0.05 0.77
sp ETS activity (Epipelagic layer) 6 <0.05 0.71
sp ETS activity (Mesopelagic layer) 6 <0.05 0.72
R/ETS (Epipelagic layer) 6 0.30 0.42
R/ETS (Mesopelagic layer) 6 0.24 0.46

Chlorophyll a in the
Epipelagic layer
(Figure 8)

Respiration (Epipelagic layer) 6 0.63 0.20
Respiration (Mesopelagic layer) 6 0.49 0.29
sp ETS activity (Epipelagic layer) 6 0.74 0.14
sp ETS activity (Mesopelagic layer) 6 0.58 0.23
R/ETS (Epipelagic layer) 6 0.86 -0.08
R/ETS (Mesopelagic layer) 6 0.98 0.01

Net primary production
in the Epipelagic layer
(Figure 8)

Respiration (Epipelagic layer) 6 0.68 -0.17
Respiration (Mesopelagic layer) 6 0.79 -0.11
sp ETS activity (Epipelagic layer) 6 0.60 -0.22
sp ETS activity (Mesopelagic layer) 6 0.71 -0.16
R/ETS (Epipelagic layer) 6 0.59 -0.23
R/ETS (Mesopelagic layer) 6 0.68 -0.17
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5.1. Abstract

The biological pump is a set of processes transferring organic carbon from the surface

to the deep ocean, playing a crucial role in the ocean’s carbon cycle. Estimating the carbon

transported to the deep ocean by the biological carbon pump is a challenge because of the

complex and variable nature of the pathways involved, as well as the lack of comprehen-

sive measurements. While zooplankton active flux has been addressed in different studies,

supporting fluxes equivalent to 10-30% of the particle export, the role of micronekton

in the active flux is scarcely known. Moreover, the capacity of both communities to ex-

port carbon is still poorly understood. Here, we show the results of both active (zoo-

plankton and micronekton) and passive fluxes from the Mediterranean Sea to the Atlantic

Ocean around the Iberian Peninsula. Water column physical properties differed between

the Mediterranean and Atlantic Ocean zones, with chlorophyll a values two-times higher

in the upwelling off Portugal. Particulate organic carbon fluxes were estimated using sedi-

ment traps, with values ranging from 4.24 ± 0.2 to 7.94 ± 3.9 mg C·m→2·d→1. Zooplankton

active flux was higher in the Mediterranean Sea compared to the Atlantic Ocean (77.2 ±

21.2 and 14.8 ± 3.4 mg C·m→2·d→1, respectively), whereas micronekton active flux was

larger in the Atlantic Ocean (15.1 ± 9.4 and 7.9 ± 6.8 mg C·m→2·d→1). This latter flux

was mainly driven by decapods, especially in the northern Atlantic stations, showing the

importance of these organisms in the active transport of carbon.

Keywords: Mesopelagic migrant pump, carbon flux, Mediterranean Sea, Atlantic Ocean,

zooplankton, micronekton
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5.2. Introduction

The biological carbon pump describes the set of mechanisms driving the carbon flux

from the euphotic to the meso- and bathypelagic layers through interactions between the

physical, chemical, and biological components of the pelagic system (Longhurst and Har-

rison, 1989). Organic carbon is transported downwards by three different mechanisms: (1)

the sinking of organic matter through the water column, the so-called passive or gravita-

tional flux (Carlson et al., 1994; Mestre et al., 2018), (2) the physical mixing of dissolved

and particulate organic matter (Buesseler et al., 2007), and (3) the active flux, also known

as migrant pump, referring to the active transport of organic matter by zooplankton and

micronekton to the deepest areas of the ocean (Longhurst and Harrison, 1988). While

passive flux has been extensively studied in the past (see Honjo et al. (2008); Guidi et al.

(2015), research of active flux is scarce due to the complex sampling, distribution, and

composition of these communities.

Active flux is driven by meso- and bathypelagic organisms performing diel verti-

cal migrations. Diel vertical migrants show a high diversity and a wide size spectrum:

they are primarily zooplankton (mainly large copepods and euphausiid, Hernández-León

et al. (2019)), mesopelagic fishes (mainly myctophiids, Davison et al. (2013); Olivar

et al. (2017)), large crustaceans (decapods and euphausiids, Ariza et al. (2016)), and

cephalopods (Judkins and Vecchione, 2020). These organisms remain at depth during

daylight hours, move upwards to near the surface at night to feed and return back to depth

before dawn (Lampert, 1989; Steinberg et al., 2002; Bianchi et al., 2013). At depth, or-

ganic carbon is released via several processes such as respiration (Longhurst et al., 1990),

excretion (Steinberg et al., 2002), gut flux (Angel, 1989), and mortality (Zhang and Dam,

1997). A key effect of these up-and-down movements is the transport of organic matter

to the deep sea (Romero-Romero et al., 2019), where it is remineralized and may remain

at depth for years, decades, or centuries (Nowicki et al., 2022; Pinti et al., 2023). Carbon
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exported by diel vertical migrants can locally account for more than 80% of the total flux

(passive plus active) (Stukel et al., 2018; Hernández-León et al., 2019b), and has been

estimated to increase total flux by 14% (Archibald et al., 2019).

Most of the research into active flux has focussed on zooplankton (see Hernández-León

et al. (2019b)), and - to our knowledge - only five studies have empirically investigated

both zooplankton (0.2-20 mm) and micronekton (20-200 mm, such as mesopelagic fish

and decapods) active flux concurrently: Hidaka et al. (2001) in the North Pacific, Ariza

et al. (2015) and Hernández-León et al. (2019) both in the North Atlantic Ocean, Kwong

et al. (2020) in Southeast Australia, and Baker et al. (2025) in the Southern Ocean. Con-

sequently, our knowledge on the relative importance of these two groups is very limited,

with significant gaps in understanding how their contributions to active flux vary across

regions or environmental conditions. We here aim to cover this knowledge gap in the vari-

ability of the zooplankton and micronekton active flux across different productive regimes.

To do so, we estimate the variability and efficiency of the total active and passive flux in

contrasting environmental areas from the Mediterranean Sea to the Atlantic Ocean, around

the Iberian Peninsula.
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5.3. Material and methods

5.3.1. Sampling and study area

The study is part of the CSIC-SUMMER cruise carried out on board the RV “Sarmiento

de Gamboa” around the Iberian Peninsula from September 28th to October 25th, 2020

(Olivar et al., 2022). Five zones were sampled repeatedly throughout the day and night:

south of the Balearic Islands (Z1; 38.5↑N, 2.5↑E), western Alborán Sea (Z2; 36↑N, 4↑W),

Gulf of Cádiz (Z3; 36↑N, 8↑W), off Lisbon (Z4; 38.1↑N, 9.4↑W), and off Galicia (Z5;

42↑N, 9.5↑W). Briefly, Z1 is oligotrophic yet a biodiversity hotspot, Z2 and Z3 are pro-

ductive transition zones between the Atlantic and Mediterranean waters, Z4 and Z5 are

upwelling zones (for detailed area descriptions see Supplementary Material SM1). We

spent between 48 and 60 hours at each zone conducting repeated stations sampling zoo-

plankton and micronekton for a minimum of two consecutive days during day- and night-

time. However, Z5 was limited to just one day and one night stations due to rough sea

conditions (Supp. Table 5.2).

5.3.2. Hydrography

The vertical profiles of temperature, conductivity, and fluorescence were recorded from

the surface to 1000 m depth using a SeaBird SBE 911plus CTD equipped with a Seabird-

43 Dissolved Oxygen sensor and a Seapoint Fluorometer mounted on a rosette sampler

equipped with 24 Niskin bottles of 12 L each. Fluorescence obtained in vertical profiles

in the upper 200 m depth were converted to chlorophyll a (Chl a) according to (Yentsch

and Menzel, 1963). The vertical profiles of temperature, salinity, and fluorescence were

averaged every 1 dBar. Monthly average values (October 2020) of sea surface temperature

(SST) were downloaded from the NASA’s OceanColorWeb site with a spatial resolution
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of 4x4 km and processed using the proto-algorithm from MODIS Ocean Team Comput-

ing Facility (MOTCF) based on satellite infrared retrievals of ocean temperature. Net

primary production (NPP) was obtained from remote sensing data following Behrenfeld

and Falkowski (1997) through the Ocean Productivity web site for the specific dates of the

cruise and using the Vertical Generalized Production Model as the standard algorithm.

5.3.3. Trap-derived passive flux

Sediment trap-derived passive flux was measured at 150 m depth using a free-drifting

multi-trap array with eight cylinders, as the model described by Knauer et al. (1979) and

using the procedure described in Hernández-León et al. (2019). The trap was deployed

during approximately 24 h with cylinders containing filtered seawater with a high salinity

(~45 g·l→1 NaCl analytical reagent grade) to increase density. No poisons were added to re-

tard bacterial decomposition. After recovering, samples were filtered onto pre-combusted

(450↑C for 12 h) 25 mm Whatman GF/F filters. Then, they were frozen at -20↑C until

analysis in a Carlo Erba CHNSO 1108 elemental analyzer (UNESCO, 1994).

5.3.4. Zooplankton sampling

Zooplankton samples were obtained using a MOCNESS-1 net with a 1 m2 mouth

opening area fitted with 200 µm mesh size (Wiebe et al., 1976). Oblique hauls were made

from 700 m depth to the surface in eight strata: 700-600, 600-500, 500-400, 400-300, 300-

200, 200-100, 100-50, 50-0 m, at about 1.5-2.5 knots (Supp. Table 5.2). Filtered volume

was measured using an electronic flowmeter. After sampling, representative organisms

- based on visual inspection of the most abundant species (mainly copepods, euphausi-

ids, and chaetognaths) - were gently picked for enzymatic measurements, frozen in liquid

nitrogen (-196↑C) and preserved at -80↑C. The rest of the sample was preserved in 4%

buffered formalin and seawater. In the laboratory, a subsample was selected for taxo-
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nomic analysis. Samples were digitized using an EPSON scan version 4990 at 2400 dpi,

processed in ZooProcess (Gorsky et al., 2010; Vandromme et al., 2012), and uploaded to

EcoTaxa (Picheral et al., 2017) to AI-supported manual classification. The body area (in

pixel)-to-dry weight (DW) conversion was done using the equations provided by Lehette

and Hernández-León (2009), assuming an uncertainty based on the standard error of the

regression slope for general mesozooplankton (slope = 1.54 ± 0.03) and to carbon weight

(CW) using a conversion factor for 0.40 ± 0.08 based on a literature review. Biomass esti-

mates need to be corrected for potential net avoidance, which is commonly referred to as

‘capture efficiency’ (CE). For zooplankton, we assumed no net avoidance (Skjoldal et al.,

2013). A sensitivity analysis for the conversion factors was carried out and is described in

the Supplementary Material (SM4. Sensitivity analysis.).

5.3.5. Micronekton sampling

Details of the overall micronekton sampling operations during the cruise have been

published by Olivar et al. (2022). Briefly, day and night samples were obtained using

a Mesopelagos midwater trawl (Meillat, 2012) with a total length of 58 m and a graded

mesh netting of 30 mm near the mouth and 4 mm in its lower part. At the end of the

net, a VERDA multi-sampler (Castellón and Olivar, 2023) was fitted to enable stratified

sampling (Supp. Table 5.2). The ship course was kept constant during the hauls, and ship

speed was maintained at ca. 2 knots using the Speed Over Ground system provided by

the onboard GPS. The volume of water filtered was calculated using the mean mouth area

of 30 m2 and the distance travelled during each haul, which was calculated by spherical

trigonometry, from the latitude and longitude at the beginning and end of the hauls, using

the haversine formula. On board, fish and decapods were sorted and identified. Wet

weight was measured using a marine precision balance POLS S-182 P-15 (precision 2 g).

Selected species of mesopelagic fishes and decapods (based on a visual assessment of the

154



Active flux around the Iberian Peninsula 5.3. Material and methods

most abundant types) were frozen in liquid nitrogen and stored at -80↑C for later metabolic

analysis. Biomass was estimated converting wet weight (WW) to DW using conversion

factors of 0.18 ± 0.01 (Pakhomov et al., 2019) for decapods and 0.23 ± 0.04 (López-Pérez

et al., 2020) for fishes, and then to CW using the above mentioned ratio. All micronekton

CW estimates need to be corrected for potential net avoidance (CE). For the net we used

for micronekton (Mesopelagos), there are - to our knowledge - no published data on CE.

Hence, we assumed a CE of 20 ± 13% based on a literature review of other midwater

trawls. The sensitivity analysis of these conversions, using a range of conversion factors,

is described in Supplementary Material (SM4. Sensitivity analysis.).

5.3.6. Migrant biomass estimation

Zooplankton migrant biomass was calculated as the difference between the day and

night integrated biomass in the upper 200 m. At Z4 and Z5, higher zooplankton biomass

was found during daytime, which is common for upwelling and coastal transition zones

due to mesoscale variability and high patchiness (Hernández-León et al., 2024). For these

stations, we estimated zooplankton migrant biomass as the difference of biomass between

day and night in the 200-700 m layer. Note that estimated migrant biomass using this

‘deep-layer’ (200-700 m depth) method is typically lower than the ‘surface-layer’ method

(0-200 m depth) (‘deep-layer’ estimate as percentage of ‘surface layer’ estimate: 14%,

46% and 116% for Z1-Z3, respectively), thus our active flux estimates for Z4 and Z5 are

hence likely underestimated.
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5.3.7. Active flux

Zooplankton and micronekton active fluxes (AF) were estimated as the sum of the

respiratory (RF), mortality (MF), gut flux (GF), and excretion (EF) (Eq. 1).

AF = RF + MF + GF + EF (Eq. 1)

Briefly, RF was estimated using electron transfer system (ETS) activity, measured fol-

lowing the method of Packard (1971) modified by Owens and King (1975), Kenner and

Ahmed (1975), and Gómez et al. (1996). Respiration in carbon units was estimated ap-

plying a R/ETS ratio of 0.5 ± 0.1 (Hernández-León and Gómez, 1996; Hernández-León

et al., 2019a; Couret et al., 2024) and a respiratory quotient of 0.97 ± 0.4 (Omori and

Ikeda, 1984; Hernández-León and Ikeda, 2005). MF was estimated from growth assuming

steady-state conditions (growth = mortality) in the mesopelagic zone, using the equation

of Ikeda and Motoda (1978) relating respiration and growth and applying a conversion

factor of 0.75 ± 0.19 for zooplankton (Omori and Ikeda, 1984) and 0.66 ± 0.17 for mi-

cronekton (Brett and Groves, 1979). EF was estimated using the values given by Stein-

berg et al. (2000), assuming that the excretion of dissolved organic carbon makes up 24

± 26 % (range = 5-42%) of the total carbon metabolized. GF was estimated from res-

piration by assuming that zooplankton feeding is 2.5 ± 0.5 times respiration (Ikeda and

Motoda, 1978), and migrant zooplankton egested 50% of the gut content at depth (Ariza

et al., 2015). For micronektonic migrants, we assumed they egest an amount equivalent to

the 40% of the respired carbon (Brett and Groves, 1979) and that they transport feces to

the mesopelagic because of their density and the long gut passage time of large animals.

Assuming that micronektonic migrants egest after the downward migration, the egestion

should be double in relation to respiration during 24 h. Therefore, we used an egestion

equivalent to 80 ± 16% of the respired carbon (Ariza et al., 2015). Detailed information is

given in Supplementary Material (SM2-3).
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5.3.8. Sensitive analysis

To account for the uncertainties and potential error propagation, we carried out a sen-

sitive analysis for the biomass and metabolic rate estimates of both zooplankton and mi-

cronekton (mesopelagic fish and decapods) using the Monte Carlo method with a range

of conversion factors (CF) (Supp. Table 5.3). Briefly, we incorporated uncertainties in

measurements and conversion factors at each calculation step and conducted 100,000 sim-

ulations. The mean and standard deviation of these simulations were then calculated and

presented as the final estimates. Detailed information is given in Supplementary Material

(SM4).

5.3.9. Statistics

To assess the correlation between biomass, migrant biomass and active flux of zoo-

plankton, decapods and fish with environmental parameters, we first calculated the aver-

age values of temperature, salinity, chlorophyll a concentration, and oxygen concentra-

tion for the regions in the approximate mixed layer (0-50 m), epipelagic (0-200 m) and

mesopelagic (200-700 m) layers. We also included satellite-derived NPP and particulate

organic flux (POC) flux measured by the sediment traps. The correlation between all pa-

rameters was calculated using R’s cor function and visualized using the ComplexHeatmap

package (Gu, 2022). We checked whether correlations are significant (p<0.05) using sim-

ple linear regression. Note that a discrepancy between a strong correlation and the lack of

significance in the linear regression (or vice versa) could occur due to the small sample

size (n = 5) and, in some cases, narrow range of parameter values. All regressions were

visually checked, but care should be taken to not overinterpret individual results. All anal-

yses were performed in the programming language R Team (2022b). The sampling map

was generated using the geographic information system QGIS (V.3.22.3) QGIS (2021).
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5.4. Results

5.4.1. Hydrography conditions

Vertical profiles of temperature (Fig. 5.1A) showed lower mean values at the northern

Atlantic in the epi- (Z4 = 13.7↑C and Z5 = 14.3↑C) and mesopelagic (Z4 = 11.9↑C and Z5

= 10.9↑C) layer compared to the Mediterranean stations in the epi- (Z1 = 17.1↑C and Z2 =

16.9↑C) and mesopelagic layer (Z1 = 13.5↑C and Z2 = 13.3↑C). The Gulf of Cádiz showed

similar epipelagic mean values as the Mediterranean stations (17.2↑C), but lower mean

temperature at depth (11.5↑C). Salinity profiles (Fig. 5.1B) showed high mean values

in the epipelagic at Z1 and Z2 (37.8 and 36.9, respectively), compared to the Atlantic

stations, increasing at depth due to the high salinity of the Mediterranean Sea (38.5 for

both). Salinity at Z3 decreased with depth, with a mean value of 36.3 in the epipelagic

zone and 35.7 in the mesopelagic zone, likely influenced by the presence of less saline

Atlantic waters. Z4 and Z5 exhibited a consistent salinity pattern within the first 400 m

of depth, with mean values of 35.7 and 35.6, respectively. Beyond this depth, salinity

increased slightly, reaching 36.3 at Z4 and 36.0 at Z5 by 800 m. Surface oxygen levels

were similar across all stations, with values of 4.7, 5.0, 4.9, 5.1, and 5.2 ml·L→1 at Z1

through Z5, respectively (Fig. 5.1C). Higher oxygen concentrations were observed at

depth at Z4 and Z5, coinciding with the layers of lowest temperature and salinity. At Z1

and Z3, an oxygen peak occurred at 50-75 m depth, corresponding to the onset of the

thermocline and a decline in temperature.

Epipelagic Chl a values (Fig. 5.1D) were generally low, displaying maximum values

of 0.6 mg·m→3 at Z1, 0.7 mg·m→3 at Z2, 0.4 mg·m→3 at Z3, and 0.7 mg·m→3 at Z5, with the

exception of Z4 in the upwelling zone off Portugal, where surface Chl a concentrations

reached a maximum of 2.6 mg·m→3. Higher net primary production values occurred at

the Atlantic stations (1006 ± 449 mg C·m→2·d→1) compared to the Mediterranean stations
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(451 ± 141 mg C·m→2·d→1), showing the highest values in Z4 (Table 5.1).

5.4.2. Trap-derived Particulate Organic Carbon (POC) Flux

Due to strong currents at Z2 and rough sea conditions at Z5, it was not possible to

measure trap-derived POC flux at these stations. Across the remaining stations, POC flux

values were relatively consistent, ranging from 4.2 ± 0.2 mg C·m→2·d→1 at Z3 to 7.9 ± 3.9

mg C·m→2·d→1 at Z1 (Table 5.1). No significant relationship (assessed by linear regression)

was found between POC flux, primary production, or active flux values (not shown).

5.4.3. Zooplankton and Micronekton Biomass Vertical Distribution

Vertical profiles of zooplankton biomass showed the expected patterns of higher biomass

in the upper 100 m layer and decreasing with depth (Fig. 5.2A), except at Z2 where a

biomass peak was observed in the mesopelagic layer between 400 and 500 m depth. At Z1-

3, mean zooplankton biomass in the epipelagic layer was higher during nighttime, whereas

at the northern Atlantic stations (Z4-5) daytime mean biomass was greater. Micronekton

biomass vertical profiles revealed higher values in the upper 300 m during nighttime com-

pared to deeper layers, where greater variability in biomass distribution between day and

night was found (Fig. 5.2B). This pattern was consistent for both mesopelagic fish (Fig.

5.2C) and decapods (Fig. 5.2D).
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Figure 5.1. Vertical profiles of (A) temperature (°C), (B) salinity, (C) oxygen (ml·L→1), and (D) chlorophyll a (mg·m→3) at Z1 (red), Z2
(blue), Z3 (purple), Z4 (orange), and Z5 (green). Note the different y-axis scale for chlorophyll a.

160



Active
flux

around
the

Iberian
Peninsula

5.4.
Results

Table 5.1. Net primary production (0-200 m depth), passive organic carbon (POC) flux measured at 150 m depth, zooplankton,
mesopelagic fish, and decapods migrant biomass (± sensitive analysis error) and active flux (± sensitive analysis error) from epipelagic
layer (0-200 m depth) to mesopelagic layer (200-700 m depth). Micronekton values were estimated using a capture efficiency of 20 ±
13%.

Zone Net Primary Production POC flux Zooplankton Mesopelagic fish Decapods

Trap-estimated Migrant biomass Active flux Migrant biomass Active flux Migrant biomass Active flux

(mg C·m→2·d→1) (mg C·m→2·d→1) (mg C·m→2) (mg C·m→2·d→1) (mg C·m→2) (mg C·m→2·d→1) (mg C·m→2) (mg C·m→2·d→1)

Z1 401 7.9±3.9 497±98 40.9±10.2 108±72 8.9±10.3 56±39 1.9±1.1

Z2 611 953±192 113.4±32.2 104±73 7.0±7.9 329±245 13.4±7.7

Z3 342 4.2±0.2 173±34 30.6±7.5 89±62 4.6±5.2 189±127 15.1±8.9

Z4 1324 5.5±0.6 174±34 12±2.5 98±66 4.3±4.9 450±302 42.1±24.1

Z5 688 29±6 1.8±0.3 6±4 0.3±0.3 338±231 22.6±13.2
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5.4.4. Zooplankton and Micronekton ETS profiles

Zooplankton specific ETS activity profile represents the average specific ETS activ-

ity of the zooplankton community (Fig. 5.3A). Except for Z3, zooplankton specific ETS

activities were higher in the upper 200 m depth during nighttime, gradually decreasing

with depth. Copepods (Fig. 5.3B) and euphausiids (Fig. 5.3C) exhibited higher spe-

cific ETS activities, with more pronounced day-night and spatial variability compared to

chaetognaths (Fig. 5.3D). Micronekton (mesopelagic fish and decapods average specific

ETS activity) ETS values were not measured at all depths across the stations (Fig. 5.3E).

Generally, micronekton specific ETS activity showed higher values at depth during the

daytime, except at Z3.

5.4.5. Respiratory and total active flux

Zooplankton respiratory flux was almost 6-fold higher in the Mediterranean (26.9 ±

20.2 mg C·m→2·d→1) than in the Atlantic (4.6 ± 4.5 mg C·m→2·d→1) (Fig. 5.4). In con-

trast, total micronekton (mesopelagic fish and decapods) respiratory flux was lower in

the Mediterranean by a factor of 2 compared to in the Atlantic (5.7 ± 2.5 and 10.8 ± 5.3

mg C·m→2·d→1, respectively). This difference was driven by changes in decapods migra-

tion: Like for zooplankton, mesopelagic fish respiratory fluxes were higher at Mediter-

ranean stations (2.9 ± 2.8 mg C·m→2·d→1) compared to the Atlantic stations (1.1 ± 0.8 mg

C·m→2·d→1), while decapods respiratory fluxes were higher by a factor of 3 at Atlantic

stations (9.7 ± 6.6 mg C·m→2·d→1) compared to the Mediterranean stations (2.8 ± 1.7 mg

C·m→2·d→1) (Fig. 5.4). Mortality, gut and excretion fluxes followed the same patterns as

these are estimated based on respiration fluxes.
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Figure 5.2. Biomass (mg C·m→3) vertical distribution (0-700 m depth) of (A) zooplankton,
(B) micronekton (mesopelagic fish and decapods), (C) mesopelagic fish, and (D) decapods
during day (empty dots) and night (black dots) at the different zones. Note different x-axis
scale for each station. Black lines stand for the sensitive analysis error.
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Figure 5.3. Specific ETS activity (µl O2·mg C→1·h→1) vertical profiles of (A) total zooplankton, (B) copepods, (C) euphausiids, (D)
chaetognaths, (E) micronekton (mesopelagic fish and decapods), (F) mesopelagic fish, and (D) decapods. Empty dots are daytime
activity values, while black dots are nighttime specific ETS activity. Black lines stand for the sensitive analysis error.
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5.4.6. Migrant biomass

Considerable variability in zooplankton migrant biomass was observed across zones,

with higher values at the Mediterranean stations (497 and 953 mg C·m→2 at Z1 and Z2,

respectively), accounting for 70% of the total migrant biomass, compared to Z3 (173 mg

C·m→2), Z4 (174 mg C·m→2), and Z5 (29 mg C·m→2) (Table 5.1, Fig. 5.5). In contrast,

micronekton migrant biomass was higher in the Atlantic (Z3-5) compared to the Mediter-

ranean (Z1-2) where migrant biomass exceeded 50% (Table 5.1, Fig. 5.5). Fish migrant

biomass ranged from 6 at Z5 to 108 mg C·m→2 at Z1, while decapods biomass exhibited

larger variability (ranging from 56 at Z1 to 450 mg C·m→2 at Z4) with an average biomass

value 3-fold higher than mesopelagic fish migrants. At Z1, fish accounted for a larger

proportion of migrant biomass than decapods, but the proportion of decapods increased

progressively across the stations, reaching over 80% of the total migrant biomass at Z5

(Fig. 5.5).
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Figure 5.4. Respiratory (in green), mortality (in purple), gut (in dark red), and excretion
(in orange) fluxes (mg C·m→2·d→1) of (A) zooplankton, (B) mesopelagic fish, and (C)
decapods.

5.4.7. Carbon budget for active and sinking fluxes

Total active flux (zooplankton and micronekton) displayed the highest value at station

Z2 (133.8 mg C·m→2·d→1) and the lowest at station Z5 (24.6 mg C·m→2·d→1), while the

remaining stations exhibited similar values: Z1 = 51.7, Z3 = 50.2, and Z4 = 58.4 mg

C·m→2·d→1 (Table 5.1, Fig. 5.5). In the Mediterranean (Z1-2), micronekton active flux
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contributed to the total flux by 13% at Z1 and 18% at Z2 to the carbon flux, while zoo-

plankton active flux was the dominant contributor (Fig. 5.5). In contrast, at Z4 and Z5,

zooplankton active flux accounted for only 7% and 19% of the total flux, respectively,

playing a relatively minor role. Instead, micronekton activity drove the majority of the

flux in these zones due to decapods flux. Notably, POC flux was substantially lower, con-

tributing just 13%, 8%, and 9% of the total carbon flux at Z1, Z3, and Z4, respectively.

5.4.8. Correlation between biological and environmental parameters

Zooplankton migrant biomass was significantly correlated with salinity (positive) and

oxygen (negative) in the mesopelagic layer (Fig. 5.6). Similarly, zooplankton active flux

was negatively correlated with oxygen in the mesopelagic. Fish active flux exhibited sig-

nificant positive correlations with temperature in the mesopelagic layer and salinity in the

epipelagic layer but was negatively correlated with oxygen in the first 50 m depth. De-

capods biomass was significantly positively correlated with NPP and Chl a in the upper 50

m depth, and migrant biomass negatively correlated with salinity and temperature in the

upper 50 m depth. Additionally, decapods active flux was significantly positively corre-

lated to NPP, Chl a in the upper 50 m depth, and Chl a in the epipelagic layer. Strikingly,

the matrix correlation revealed that decapods exhibited an opposite pattern compared to

zooplankton and mesopelagic fish, showing positive correlation with productivity(both

NPP and Chl a) but a negative correlation to temperature and salinity. Finally, POC flux

exhibited a negative correlation with oxygen in the mesopelagic layer.
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Figure 5.5. (A) Study zones sampled during the CSIC-SUMMER cruise, with background
colors representing sea surface temperature (SST, °C) in October 2020. Zone 1 (Z1) corre-
sponds to the south of the Balearic Islands, Zone 2 (Z2) to the western Alborán Sea, Zone
3 (Z3) to the Gulf of Cadiz, Zone 4 (Z4) off Lisbon, and zone 5 (Z5) off Galicia. Bubble
size indicates total active flux (zooplankton + micronekton), with blue for zooplankton,
grey for fish, and pink for decapods. (B) Percentage contribution to the biological carbon
pump by passive flux (light orange), zooplankton (blue), and micronekton (purple; fish
+ decapods). For Z5 and Z2, we do not have direct passive flux measurements, so we
applied the average value from Z1, Z3 and Z4 (shaded orange). (C) Percentage distribu-
tion of migrant biomass among zooplankton, fish, and decapods. (D) Carbon fluxes (mg
C·m→2·d→1). (E) Migrant biomass values (mg C·m→2).

168



Active
flux

around
the

Iberian
Peninsula

5.4.
Results

Figure 5.6. Results of the correlation analysis between the zooplankton, mesopelagic fish, and decapods biomass, migrant biomass
(Mig_biomass), and active flux with the environmental variables. T stands for temperature, Sal for salinity, Oxy for Oxygen, ML for he
Mixed Layer depth (50 m depth), Epi for the 50200 m depth, and Meso for the 200-700 m depth. White stars stand for the significant
p-values and grey crosses the same variables. White stars stand for significant p-values and grey crosses the same variables. All p-values
are p<0.5 and R2> 0.78.
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We only found a significant relationship between decapods and net primary production

(R2 = 0.845, p<0.05, n = 5), but no significant relationship between zooplankton nor fish

and net primary production (not shown). Fish migrant biomass was the only variable that

exhibited a significant positive relationship with biomass, while no significant relationship

was observed between biomass and active flux in any of the other groups. Noteworthy here

is that for both fish and decapods, total biomass and migrant biomass was positively cor-

related, whereas for zooplankton there appeared to be a negative correlation. Finally, in all

three communities, migrant biomass was - as expected due to autocorrelation - significant

positive correlation with active flux (Fig. 5.7).
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Figure 5.7. Results of the correlation analysis between (A) zooplankton, (B) mesopelagic
fish, and (C) decapods biomass, migrant biomass (Mig_Biomass), and active flux. White
stars stand for significant p-values and grey crosses the same variables.All p-values are
p<0.5 and R2> 0.78.
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5.5. Discussion

This study quantifies the zooplankton and micronekton active and passive flux across

different productive regimes in both the Mediterranean Sea and the Atlantic Ocean. To

our knowledge, only one study quantified total active flux along a productivity gradient

(Atlantic Ocean; Hernández-León et al. (2019)). Contrary to the previous study, we found

that the total active flux did not vary consistently with the productivity of the area. In-

stead, total active flux depended on the composition of the migrating community, with

varying contributions by zooplankton and micronekton. Strikingly, micronekton active

flux was dominated by decapods, especially in the north Atlantic Ocean stations. Based

on our understanding, no prior research has specifically addressed carbon active flux by

micronekton in the Mediterranean Sea, and even data from the Atlantic Ocean remain

scarce Stukel et al. (2018); Hernández-León et al. (2019). Furthermore, no studies have

simultaneously examined active and passive flux in these two distinct regions (Supp. Table

5.4).

5.5.1. Zooplankton and micronekton carbon flux

The relative contribution of each group (zooplankton, decapods, and mesopelagic fish)

to the carbon flux shifted from the Mediterranean Sea to the Atlantic Ocean. While zoo-

plankton dominated the carbon flux in the Mediterranean Sea, micronekton -specifically

decapods- played a particularly prominent role in the North Atlantic Ocean (Fig. 5.4).

While mesopelagic fish have recently become an intense subject of study (see Aksnes

et al. (2023), our data highlights that the role of decapods in the active flux is substan-

tial and may exceed active flux by both zooplankton and fishes. Despite decapod’s high

abundance in many parts of the world’s oceans (Flock and Hopkins, 1992), their active

flux has received little attention (Angel and Pugh, 2000; Schukat et al., 2013; Pakhomov
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et al., 2019). Estimates of decapod active flux vary widely between studies with no clear

agreement on the values. In the North Atlantic Ocean, previous estimates of decapod ac-

tive flux varied by an order of magnitude (2 versus 12.1 mg C·m→2·d→1; (Angel and Pugh,

2000; Schukat et al., 2013)), while our estimates were up to 20 times higher (ranging from

15.1 to 42.1 mg C·m→2·d→1) compared to (Angel and Pugh, 2000). On the other hand, in

the central North Pacific Subtropical Gyre, decapod active flux estimates were up to two

orders of magnitude lower than those in our study (0.4 to 0.6 mg C·m→2·d→1; Pakhomov

et al. (2019)). The large discrepancies between studies and regions, in addition to the lim-

ited availability of data, emphasize the urgent need to increase research efforts to better

understand the contribution of decapods to the carbon flux.

We observed that decapods exhibited a strong -although no significant- positive cor-

relation between active flux and biomass, suggesting that decapods biomass may offer

insights into the ecological drivers of their active flux. Enhanced decapod biomass has

been associated with oxygen minimum zones (Vereshchaka et al., 2016; Hernández-León

et al., 2019), lower mesopelagic fish biomass (Ariza et al., 2015), and high productivity

(Schukat et al., 2013; Hernández-León et al., 2019). The latter scenario may explain our

findings, as decapod biomass (and active flux) were significantly influenced by NPP and

Chl a (Fig. 5.5). Similarly, in the Costa Rica Dome (Stukel et al., 2018) and in the open-

ocean upwelling of the Guinea Dome (Hernández-León et al., 2019), active transport by

these pelagic micronektonic fauna was the dominant vertical transport mechanism in areas

of high productivity. Although no direct explanation has been provided, it seems that the

continuous fueling of primary production, the role of protists as an important intermediate

trophic level in these upwelling systems, or both, in these areas of persistent productivity

influence the contribution of the decapods to the biological pump. Despite the limited re-

search on how environmental variables influence decapods distribution, high productivity

appears to be a common factor driving increased decapods biomass.

In terms of both biomass and total active flux, the Alboran Sea (Z2) stands out in our
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dataset. The relatively high zooplankton migrant biomass observed here, compared to

other stations, may be linked to the influence of the anticyclonic gyre. This gyre enhances

both migration from deeper waters and active flux by deepening the thermocline, which

promotes the sinking of bacteria and phytoplankton due to inward motion (Arístegui et al.,

1994, 1997), thereby providing a significant source of carbon (Yebra et al., 2005). Previous

research on zooplankton active flux in that area reported a similar value of zooplankton

migrant biomass to ours (993 and 953 mg C·m→2, respectively), but a respiratory flux

2.4 times lower than ours (17.2 and 41.1 ± 5.4 mg C·m→2·d→1, respectively) (Yebra et al.,

2018). Even though the values of migrant biomass were rather similar, the higher estimates

in zooplankton respiratory flux in our study imply higher zooplankton active flux. The

enhanced NPP obtained in this study compared to Yebra et al. (2018) (84 and 611 mg

C·m→2·d→1, respectively) could explain the discrepancy in both respiration and active flux

due to increased metabolic activity. This aligns with the expectation that productive areas,

characterized by a large and consistent food supply, tend to exhibit higher carbon flux

(Hernández-León et al., 2019). On the other hand, discrepancies in the respiratory fluxes

might be related to variations in zooplankton body size (Hernández-León et al., 2024), as

smaller organisms tend to exhibit higher respiration rates (Ikeda, 1985). Yebra et al. (2018)

sampled the core of western anticyclonic gyre, that was found to host larger organisms

compared to nearby areas (Valcárcel-Pérez et al., 2019). Thus, larger organisms at the

core of the eddy likely exhibit lower respiration rates compared to those in surrounding

areas, such as our sampling station.

The relatively low zooplankton migrant biomass values and active flux observed at

the northern Atlantic stations could possibly be attributed to zooplankton biomass patchi-

ness, which is a common pattern in upwelling zones (Barton et al., 1998). These sites (Z4

and Z5) also had higher zooplankton biomass at the surface during the day, contrary to ex-

pected diel vertical migration patterns. Mesoscale structures, such as eddies and upwelling

filaments, promote large differences in phytoplankton and zooplankton populations over
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short periods and distances in coastal transition zones (Hernández-León et al., 2024). In

this context, we suggest that the higher zooplankton biomass found during daytime off

Portugal and Galicia was related to important advection due to Ekman offshore transport

in upwelling systems, which could induce large mesoscale variability.

5.5.2. Relationship between Biomass and Environmental Variables

While decapods biomass was influenced by the productivity of the area, zooplankton

and mesopelagic fish biomass in the water column showed no significant relationship with

any of the analyzed environmental variables (Fig. 5.6). This lack of correlation ham-

pers the direct explanation for the distinct vertical profiles observed between the Mediter-

ranean and the Atlantic Ocean. These results suggest that zooplankton and mesopelagic

fish biomass vertical distribution in the water column should be also affected by other fac-

tors beyond the traditional environmental metrics of Chl a, NPP, temperature, salinity, and

oxygen. Drivers may include nutrient stress impacting phytoplankton diversity (Tian et al.,

2017), the depth of the deep chlorophyll maximum affecting the trophic coupling between

phytoplankton and heterotrophic prokaryotic production (Marañón et al., 2021), as well as

predation pressure and competition among zooplankton species (Gage and Tyler, 1991).

Furthermore, shifts in the zooplankton feeding ecology -such as a transition from omnivo-

rous to carnivorous or gelatinous filter-feeding zooplankton- could reduce food quality for

fish, making it less nutritious (Heneghan et al., 2023).

Finally, it is worth mentioning that only fish biomass was significantly related to fish

migrant biomass (Fig. 5.7). Thus, higher zooplankton and decapods biomass in the water

column does not imply higher migratory biomass or higher fluxes as one might expect.

These findings suggest that factors beyond biomass, such as species composition (Hays

et al., 2001), behavior (Forward, 1988), trophic interactions (Pinti et al., 2019) or food

supply, play a critical role in governing vertical migration and carbon transport. It becomes
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increasingly evident that a comprehensive understanding of the influence of environmental

conditions on biomass vertical distribution, requires looking beyond traditional metrics to

uncover the mechanisms shaping biomass distribution.

5.5.3. Relationship between Total Active Flux and Environmental Con-

ditions

We found no clear relationship between NPP and total active flux, with active flux

estimates up to 10 times higher than previously reported under similar NPP (Ariza et al.,

2015; Hernández-León et al., 2019). Instead, the total active flux varied depending on the

composition of the migrating community, which -similarly to biomass- appeared to be in-

fluenced by different environmental variables. According to the correlation matrix, active

flux by zooplankton and mesopelagic fish was -although no significant- negatively corre-

lated to oxygen but positively correlated with temperature and salinity in the water column,

while decapods active flux showed the inverse correlation matrix pattern (Fig. 5.6). Our

loose interpretation of this pattern is that the active flux by these groups is on a broader

scale influenced by water masses, with active flux by zooplankton and mesopelagic fish

being, relatively, more prevalent in the warmer and saltier waters of the Mediterranean,

whereas decapods dominate active flux in the colder fresher Atlantic waters.

Of particular interest is the significantly negative relationship between oxygen con-

centrations (in the mesopelagic) and zooplankton active flux. This relationship might be

related with the influence of oxygen availability on the community structure, vertical dis-

tribution (Ekau et al., 2010), metabolic activity (Kiko and Hauss, 2019), as well as feeding

and excretion rates (Robinson et al., 2010). However, care should be taken with zooplank-

ton correlation as it is expected the avoidance of the mesopelagic zone if oxygen levels

decline below approximately 20 µmol·O2·kg→1 (Hauss et al., 2016). Thus, enhanced active

flux by low oxygen up to a limit might be related to other factors such as food availability
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while minimizing predation risk from larger predators that are less tolerant of low oxygen

levels (Gilly et al., 2013).

5.5.4. Passive vs Active flux

Finally, our findings indicated that carbon flux was mainly driven by diel vertical mi-

grants rather than by the passive flux (see 5.1, Fig. 5.4). Recent models suggested that

active flux of carbon due to zooplankton diel vertical migration accounts for 10-18% of the

passive flux (Aumont et al., 2018; Archibald et al., 2019; Nowicki et al., 2022) in areas of

low productivity (Koppelmann and Weikert, 2007). In contrast, in high-productivity areas,

carbon flux has been suggested to be primarily carried out by diel migrants, due to high

biomass of low-turnover organisms such as zooplankton (Hernández-León et al., 2019).

Thus, active flux is expected to be low on a global scale due to widespread oligotrophic

conditions, as the transfer of organic carbon to the deep ocean should be enhanced along

with net primary production (Davison et al., 2013; Hernández-León et al., 2020). How-

ever, our findings suggest that the relationship between the passive and active flux is not

directly dependent on productivity.

5.6. Conclusions

This study examined different pathways of the biological carbon pump from the Mediter-

ranean Sea to the Atlantic Ocean, revealing strong differences in the active flux between

the two regions. We found no clear relationship between NPP and total active flux, instead

active flux varied according to the composition of the migrating community. Zooplankton

dominated the carbon flux in the Mediterranean Sea due to enhanced migrant biomass,

and micronekton -especially decapods- played a particularly prominent role in the North

Atlantic Ocean. While decapod active flux was influenced by the productivity of the area,
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active flux by zooplankton and mesopelagic fish seemed to be related to the water masses.

Finally, the relatively low contribution of passive flux compared to total active flux under-

scores the critical role of the mesopelagic-migrant pump in driving the biological carbon

pump.
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5.9.1. Study area

The south of the Mallorca channel (Balearic Islands, western Mediterranean, Z1) is

characterised by the oligotrophy of its waters but considered as a hotspot of biological ac-

tivity and biodiversity in the deep-sea (Massutí et al., 2021). In contrast, the Alborán Sea

(Z2), unlike the general oligotrophy dominating most of the Mediterranean, holds two an-

ticyclonic gyres of high biological productivity (Bárcena et al., 2004). This area together

with the Gulf of Cádiz (Z3) is considered a transition zone between the Atlantic Ocean and

the Mediterranean Sea, with water-mass exchange through the Strait of Gibraltar. This re-

gion couples the convergence of critical water masses regarding the Atlantic Meridional

Overturning Circulation with a semi-permanent upwelling regime, itself connected to the

larger dynamic cells off northwest Africa (Penaud et al., 2016). The area off Lisbon (Por-

tugal, Z4) is characterised by a coastal upwelling, intensified during the summer when

upwelled waters occupy the surface layers over the whole western shelf and part of the

upper slope off Portugal (Fiuza, 1983). This scenario is also found in the Galician coast

(Z5), showing upwelling favorable conditions during spring-summer (Villegas-Ríos et al.,

2011).

5.9.2. Electron transfer system activity

Frozen samples were homogenized at the laboratory with a Teflon pestle in Tris-EDTA

buffer at 0-4↑C, to avoid degradation of enzyme activity and proteins. Then, the ho-

mogenates were centrifuged at 4000 rpm at 0↑C for 10 min. An aliquot was subsampled

from the homogenate and incubated, at 16↑C for zooplankton and 18↑C for micronekton,

at darkness using NADH, NADPH, succinate, and a tetrazolium salt (INT) as the artificial
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electron acceptor. After 20 min, the incubation was stopped with a quench solution. The

ETS activity was estimated spectrophotometrically at 490 nm with a turbidity baseline of

750 nm. In order to correct ETS activity for in situ temperature (200-700 m layer, con-

sidered as the residence depth of migrants, Hays (2003), we used the Arrhenius equation

and an activation energy of 15 kcal·mol→1 (King and Packard, 1975). Protein content was

determined using the method of Lowry et al. (1951) modified by Rutter (1967), and using

bovine serum albumin (BSA) as the standard. Zooplankton protein content was converted

to dry weight (DW) using the ratio of 2.49 ± 1.73 recently given by Hernández-León et al.

(2019a) for zooplankton in subtropical waters. ETS activity in micronekton was measured

in the whole animal. Micronekton protein content was converted to DW using the ratio

given by Bailey et al. (1995) of 2.21 ± 0.45 for mesopelagic fish, and 2.48 ± 1.09 for de-

capods.

5.9.3. Active flux

Zooplankton and micronekton active fluxes (AF) were estimated as the sum of the

respiratory (RF), mortality (MF), gut flux (GF), and excretion (EF):

AF = RF (Eq. S1-S3) + MF (Eq. S4ab) + GF (Eq. S5ab) + EF (Eq. S6) (Eq. 1)

First, respiration at depth (Rdepth) was determined using the average ETS activity and

a quite conservative respiration to ETS (R/ETS) ratio of 0.5 ± 0.1, according to values

ranging from 0.46 to 0.96 for zooplankton >1 mm (Hernández-León and Gómez, 1996),

migrant copepods (Hernández-León et al., 2019a), euphausiids (Couret et al., 2024), and

fish (Ikeda, 1989) (Eq. S1).

Rdepth = ETS200→700 m depth ! (0.5 ± 0.1) (Eq. S1)

Respiration (R) was converted into carbon units using a respiratory quotient (CO2 respired/O2

consumed) of 0.97 ± 0.4 (Omori and Ikeda, 1984) (Eq. S2).
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R = Rdepth ! (0.97 ± 0.4) (Eq. S2)

RF was then estimated multiplying respiration by the migrant biomass (MB), assuming a

mesopelagic residence time of 12 h (Ariza et al., 2015) (Eq. S3)

RF = R ! (MB ! 0.5) (Eq. S3)

Zooplankton mortality flux (MFzooplankton) was estimated assuming steady-state condi-

tions in the mesopelagic zone (growth= mortality), using the equation of Ikeda and Mo-

toda (1978) that relates respiration and growth applying assimilation efficiencies of 30 and

70%, respectively (see review in Omori and Ikeda (1984)) (Eq. S4a).

MFzooplankton = RF ! (0.75 ± 0.19) (Eq. S4a)

For micronekton, mortality flux (MFmicronekton) was estimated from growth assuming

steady state conditions and using the growth/metabolism ratio of 0.66 ± 0.17 (Brett and

Groves, 1979) (Eq. S4b).

MFmicronekton = RF ! (0.66 ± 0.17) (Eq. S4b)

Zooplankton gut flux (GFzooplankton) was estimated assuming that feeding is 2.5 ± 0.5

times respiration (Ikeda and Motoda, 1978), and that migrant zooplankton egested 50% of

the gut content at depth (Ariza et al., 2015) (Eq. S5a).

GFzooplankton = RF ! (2.5 ± 0.5 ! 0.5) (Eq. S5a)

For micronekton gut flux (GFmicronekton), we assumed that carnivorous organisms egest

an amount equivalent to the 40% of the respired carbon (Brett and Groves, 1979), and

they transport feces to the mesopelagic because of their density and the long gut passage

time of large animals. Assuming that micronektonic migrants egest after the downward

migration, the egestion should be double in relation to respiration during 24 h. Therefore,

we used an egestion equivalent to 80 ± 16% of the respired carbon (Ariza et al., 2015) (Eq.

S5b).
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GFmicronekton = RF ! (0.8 ± 0.16) (Eq. S5b)

EF was estimated using the values by Steinberg et al. (2000), who reported that excretion

makes up 24 ± 26% of the respired plus excreted carbon (Eq. S6).

EF = RF ! (0.24 ± 0.26) (Eq. S6)

5.9.4. Sensitivity analysis

To account for the uncertainties and potential error propagation, we carried out a sen-

sitive analysis for the biomass and metabolic rate estimates of both zooplankton using the

Monte Carlo method with a range of conversion factors (CF). Zooplankton carbon weight

(CWzooplankton) was estimated by converting the image area (in pixels) to DW (aDW and

bDW ) and then to carbon (CFCW ) (Eq. 2).

CWzooplankton = (aDW ! AreabDW ) ± ϖDW ! CFCW ± ϖCW (Eq. 2)

For the conversion of zooplankton area (in pixels) to DW (aDW and bDW ), we used

the equations provided in Table 1 by Lehette and Hernández-León (2009). We used the

organism-specific regressions when possible (ostracods, chaetognaths, slaps, siphonophores,

subtropical euphausiids, subtropical copepods, for which the number of observations was,

respectively, n = 3551, 1678, 682, 159, 637, 52396). For the remaining organisms, we used

the regression for general mesozooplankton (n = 6115). We assumed the error on these

estimates based on the standard error of the regression slope for general mesozooplankton

(slope = 1.54 ± 0.03). Hence, for the Monte Carlo simulation, we applied a random error

of 2%. To convert DW to CW, we found several reported values for zooplankton: Banse

(1996) suggested 0.4 based on two studies, Dam and Peterson (1993) assumed 0.4, and

Andersen and Hessen (1991) measured 0.48 (range 0.40 - 0.57) based on measurements

for 6 species. As most contemporary studies use the conversion factor 0.4, we also used

this value as our mean but assumed a generous error (20%); hence we randomly sampled
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from a distribution of 0.40 ± 0.08.

Micronekton carbon weight (CWmicronekton) was estimated by converting the total

WW (
∑

WW) (Eq. 3):

CWmicronekton =
∑

WW ± ϖWW ! CFDW ± ϖDW ! CFCW ± ϖCW (Eq. 3)

The precision of the balance was 2 g, which we included in the Monte Carlo simulation

(ϖWW = 2 g). For the conversion factor for WW to DW (CFDW ), we only found one

study that provides a direct conversion of WW to DW for decapods (Pakhomov et al.,

2019). These authors did not provide an uncertainty estimate for this conversion factor;

however, the regression line was highly significant with an R2 of 0.976. We hence assume

a relatively low uncertainty (ϖDW ) of 5%, and thus randomly sampled from a mean of 0.18

with a standard deviation of 0.01. For fish, López-Pérez et al. (2020) provide mean water

content for 36 fish species from the subtropical Atlantic (0.77 ± 0.04; see their Table 3).

We hence assumed a CFDW of 0.23 ± 0.04 and randomly sampled from this distribution for

our Monte Carlo simulation. For the conversion factor for DW to CW (CFCW ), we could

not find any observations for micronekton, so we used the same distribution as explained

above. Conversion factors used in this study are summarized in Supp. Table 5.3.

All CW estimates need to be corrected for potential net avoidance, which is commonly

referred to as ‘capture efficiency’ (CE). A capture efficiency of 100% implies that all or-

ganisms in the water column were caught in the net. CE of 100% is commonly assumed

for zooplankton collected, as the case here, with MOCNESS (Skjoldal et al., 2013). For

the net we used for micronekton (Mesopelagos), there are - to our knowledge - no pub-

lished data on CE. Reported values for CE of midwater trawls are 6-13% (Gj et al., 1984;

May and Blaber, 1989), 14% (Koslow et al., 1997), 14-38% (Davison, 2011), and 33%

(Pakhomov et al., 2019). Hence, we applied a mean of 20 ± 13% in the Monte Carlo

simulation.

For the sensitivity analysis of zooplankton and micronekton metabolic rate estimates,
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we employed the Monte Carlo method, integrating the conversion factors used for active

flux conversions. Zooplankton ETS activity obtained as protein content was converted to

DW using the ratio of 2.49 ± 1.73 given by Hernández-León et al. (2019a), hence assuming

an error of 69%, and DW was converted to carbon as explained above. Micronekton

protein content was converted to DW using the ratio given by Bailey et al. (1995) of 2.21

± 0.45 for mesopelagic fish and 2.48 ± 1.09 for decapods, and DW was converted to carbon

as explained above.

ETS in carbon units was converted to respiration using the ratio of 0.5 (Hernández-

León and Gómez, 1996). The respiration to ETS (R/ETS) ratio in marine zooplankton

reflects the scope of metabolic activity and typically ranges between 0.5 and 1 mainly

depending on factors such as species, food availability and temperature (Hernández-León

and Gómez, 1996; Hernández-León et al., 2019a; Couret et al., 2024). Hernández-León

et al. (2019a) observed a R/ETS value of 0.96 ± 0.29 for migrant copepods and Couret

et al. (2024) obtained a ratio of 0.81 ± 0.18 for euphausiids. To maintain a conserva-

tive approach, and generally all studies adopt a conversion factor of 0.5, we also used

this value as our mean but assumed a generous error (20%); hence we randomly sampled

from a distribution of 0.50 ± 0.10. Respiration was converted into carbon units using a

respiratory quotient (CO2 respired/O2 consumed) of 0.97 (Omori and Ikeda, 1984). The

respiratory quotient is a stoichiometric consequence of the elemental composition of the

substrate being oxidized. These values span the range of 0.67 to 1.24 (0.955 ± 0.4), being

the calculated value for protein is 0.97 (Hernández-León and Ikeda, 2005). Hence, for the

Monte Carlo simulation we assumed a respiratory quotient ratio 0.97 ± 0.4. Respiration

in carbon units at depth to respiration flux is estimated following Eq. S3, that is by mul-

tiplying respiration by the migrant biomass, assuming a mesopelagic residence time of 12

h (Ariza et al., 2015).

Mortality flux was estimated from the respiration flux using a factor of 0.75 (Omori and

Ikeda, 1984) for zooplankton and 0.66 (Brett and Groves, 1979) for micronekton. Estima-
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tion of zooplankton mortality rates in field populations is a challenging task that depends

on multiple factors such as the swimming behaviour, and consequently in vulnerability

to predators (Ohman, 2012), the developmental stage composition, and the environmental

variables (Ohman, 2012). Thus, we assumed a conservative error of 25%; thus, values

were sampled randomly from a distribution of 0.75 ± 0.19 and 0.66 ± 0.17, respectively.

Gut flux was estimated assuming that feeding is 2.5 times respiration (Ikeda and Mo-

toda, 1978), and that migrant zooplankton egested 50% of the gut content at depth (Ariza

et al., 2015). Feeding equation depends on digestion efficiency and gross growth efficiency

which can differ to a great degree, not only among zooplankton species but also within a

single species (see Table 3 of Ikeda and Motoda (1978). The latter authors chose values

of 70% for digestion and 30% for gross growth as realistic values of zooplankton in the

field, regardless of species and food habit. As this is the general equation used broadly

to estimate gut flux from respiration, we used the value of 2.5 with a cautious assumption

of a 20% error; thus, values were sampled randomly from a distribution of 2.5 ± 0.5. We

assumed that migrant zooplankton egest 50% at depth following Ariza et al. (2015) esti-

mations, as gut clearance only takes a few minutes in copepods (Dam and Peterson, 1988)

and about 30-90 min in euphausiids (Gurney et al., 2002; Pakhomov and Froneman, 2004),

while in fish, estimates range from 12 h to days (Baird et al., 1975). Following Ariza

et al. (2015) estimations, and assuming a nocturnal distribution at roughly a 50 m depth

and a mean downwards migration velocity of 5 cm·s→1 (Davison et al., 2013), organisms

trespassing the base of the mixed layer (~150 m depth) should take about 30 min. This

suggests that copepods will actively export relatively low amounts of fecal matter, while

active swimmers like euphausiid gut flux will be partial. In any case, to be conservative,

we assumed that zooplankton egested 50% at depth. Hence, for the Monte Carlo simula-

tion, we applied a random error of 20% (assuming a normal distribution with a mean of

0.5 and a standard deviation of 0.1). For micronekton, gut flux was estimated assuming an

egestion equivalent to 80% of the respired carbon (Ariza et al., 2015). Thus, we assumed
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a normal distribution with a mean of 0.8 and a standard deviation of 0.16 (error of 20%).

Finally, excretion flux was estimated using the values by Steinberg et al. (2000), who

reported that excretion makes up 24% of the respired plus excreted carbon. On average,

excretion of dissolved organic carbon makes up 24% (range=5-42%) of the total carbon

metabolized (excreted + respired) (Steinberg et al., 2000). Thus, we assumed a normal

distribution of 24 ± 26%.
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Table 5.2. Number of CTD casts, MOCNESS and Mesopelagos trawls, and sediment traps
per study zone used for the present investigation.

Zone (Z) CTD
MOCNESS

0-700 m Day
100 m-layers

MOCNESS
0-700 m Night
100 m-layers

Mesopelagos
0-200 m Day
100 m-layer

Mesopelagos
0-200 m Night

100 or 30
m-layers

Sediment traps

Z1 (Balears) 6 2 2 2 1 1
Z2 (Alboran) 5 2 2 1 3 0
Z3 (Cadiz) 7 3 2 2 2 1
Z4 (Lisboa) 4 2 2 2 2 1
Z5 (Galicia) 1 1 1 1 1 0

Table 5.3. Conversion factors used to estimate zooplankton and micronekton biomass and
active flux. * different coefficients for certain zooplankton groups as explained in text.

Parameter Factor Zooplankton Decapods Fish

Biomass

CFDW WW-to-DW - 0.18 ± 0.01 0.23 ± 0.04
bDW area-to-DW 1.54* ± 0.03 - -
CFCW DW-to-CW 0.40 ± 0.08 0.40 ± 0.08 0.40 ± 0.08
CE Capture efficiency 1 0.20 ± 0.13 0.20 ± 0.13

Active flux

CFP rotein Protein-to-DW 2.49 ± 1.73 2.48 ± 1.09 2.21 ± 0.45
CFCW DW-to-CW 0.40 ± 0.08 0.40 ± 0.08 0.40 ± 0.08
R/ETS ETS-to-Respiration 0.5 ± 0.1 0.5 ± 0.1 0.5 ± 0.1

RQ

Respiration-to-Respiration
at depth (d→1) using a
Respiratory Quotient (RQ)
of

0.97 ± 0.4 0.97 ± 0.4 0.97 ± 0.4

Mortality Flux Respiration flux-
to-Mortality flux 0.75 ± 0.19 0.66 ± 0.17 0.66 ± 0.17

Gut Flux Respiration flux-
to-Gut flux

2.5 ± 0.5
0.5 ± 0.1 0.88 ± 0.16 0.88 ± 0.16

Excretion Flux Respiration flux-
to-Excretion flux 0.24 ± 0.26 0.24 ± 0.26 0.24 ± 0.26
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Table 5.4. Comparison of trap-derived POC flux (mg C·m→2·d→1), zooplankton and micronekton migrant biomass (mg C·m→2), respira-
tory flux (mg C·m→2·d→1), and active flux (mg C·m→2·d→1) values obtained during the CSIC-SUMMER cruise to other studies. CE stands
for capture efficiency.

Source Location POC flux Migrant biomass Respiratory flux Active flux CE

Zooplankton Micronekton Zooplankton Micronekton Zooplankton Micronekton

(mg C·m→2·d→1) (mg C·m→2) (mg C·m→2·d→1) (mg C·m→2·d→1) %

Hidaka et al.

(2001)

Western equatorial

North Pacific
54.8 281.1±214.3 402.6 ± 146.2 13.2 ± 8.3 22.5 ± 10.4 16.8 ± 9.6 23.8 ± 10.8 14

Ariza et al.

(2015)

Atlantic Ocean

(Canary Islands)
11.9 ± 5.8 266 ±127 201±61 3.4± 1.9 2.9± 1.0 14, 38 and 80

Hernández-León

et al. (2019a)

Tropical and subtropical

Atlantic Ocean
15.1 ± 6.4 771.6 ± 1007.6 300.9 ± 278.7 10.5 ± 14.5 2.9 ± 2.9 20.5 ± 27.6 7.8 ± 7.7 50

Kwong et al.

(2020)

Centre frontal

cold-core eddy

(Southeast Australia)

214.1 9.4 16.1

Edge frontal cold-core eddy 90.6 4 8

Centre cold-core eddy 63.6 8 3.1 0.3 5.4 0.78 50

Warm-core eddy 332.3 10.8-11.8 1.2 1.08-1.2 2.2 2.1-3.4 50

Warm-core eddy 1421 53.8 48.6 5.5 88 13.5 50

Baker et al.

(2025)
Southern Ocean 99.4 ± 17.2 17.8 ± 15.9 7.4 ± 2.3

This Study
Mediterranean Sea 7.9 ± 3.9 725 ± 145 149 ± 107 26.9 ± 20.2 2.3 ± 1 77.2 ± 21.2 7.8 ± 6.8 20±13

Atlantic Ocean

(Iberian Peninsula)
4.9 ± 0.3 125 ± 25 195 ± 132 4.56 ± 4.5 4.3 ± 2.1 16.2 ± 3.4 14.8 ± 9.4 20±13
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Conclusions

This thesis provides a comprehensive analysis of the spatio-temporal variability of

mesozooplankton biomass, abundance, size spectra, and active flux in the North Atlantic

Ocean. By compiling and analyzing five decades (1971–2021) of mesozooplankton biomass

data, our key findings highlight:

Significant decline in biomass in the oligotrophic zone north of the Canary Islands

particularly during the Late Winter Bloom, likely linked to rising temperatures and

increased stratification.

Higher biomass was found near the African coast and around the islands, probably

driven by upwelling and island-mass effects.

Seasonal cycles revealed biomass peak during the Late Winter Bloom, except in up-

welling regions, where maxima occurred in August due to intensified Trade Winds

which enhance Ekman transport and upwelling.

Findings highlighting the need for long-term monitoring at a fixed permanent time-

series station to better understand seasonal and long term variability.

Distinct seasonal and spatial patterns were revealed by analyzing the annual variability

of the mesozooplankton community across different contrasting areas:

Zooplankton abundance distribution formed clusters based on seasonality and up-

welling influence.

Size-spectra analysis showed steeper slopes during daytime in the Stratified Sea-

son, indicating a less structured community, while the Late Winter Bloom exhibited

higher trophic efficiency due to favorable conditions.

Difference between day and nighttime in the size spectra could be attributed to com-
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munity shifts associated with diel vertical migration.

Taxonomic differences were notable, with Cladocera characterizing the Upwelling

group and Salpidae and Appendicularia differentiated other seasonal groups.

Outcomes showed the value of abundance composition for understanding taxonomic

changes and size-spectra analysis for assessing ecosystem structure and predator-

prey interactions.

Research on the biological carbon pump enabled us to identify key drives of euphausi-

ids respiration. This chapter led to the following conclusions:

Respiration rates and ETS activity followed a spatial trend, decreasing southward

but increasing near the African upwelling region.

Environmental factors such as epipelagic oxygen concentration, chlorophyll a lev-

els, and interactions between epipelagic temperature and mesopelagic oxygen sig-

nificantly influenced respiration rates.

A strong correlation between respiration and ETS activity was observed, with R/ETS

ratios exceeding the conservative threshold of 0.5.

Research of the contribution of the different pathways of the biological carbon pump

in the twilight zone around the Iberian Peninsula revealed:

Carbon flux was primarily driven by zooplankton and micronekton diel vertical mi-

grants rather than by the passive flux.

In the Mediterranean Sea, zooplankton dominated due to higher migrant biomass,

whereas micronekton, particularly decapods, played a key role in the North Atlantic.

Decapod active flux was influenced by productivity, while zooplankton and mesopelagic

fish fluxes seemed to be linked to water masses.

The relatively low contribution of passive flux highlights the crucial role of the
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mesopelagic-migrant pump in carbon transport.
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Appendix B. Resumen Castellano

Objetivos

El objetivo principal de esta tesis es evaluar la biomasa, abundancia, estructura de

tamaño y flujo de carbono del zooplancton en diferentes áreas del Océano Atlántico Norte.

Diversos cambios han sido observados en las comunidades de zooplancton en diferentes

localidades del Atlántico Norte, pero los patrones comunes o contrastantes de estos cam-

bios no han sido evaluados correctamente debido a la ausencia de estaciones de mustreo

fijas (Pitois and Yebra, 2022).

Por ello, hemos revisado, recopilado y curado todos los datos disponibles sobre la

biomasa del mesozooplancton para analizar su variabilidad durante las últimas cinco dé-

cadas (1971-2021) en tres áreas productivas distintas del Sistema de la Corriente de Ca-

narias, con el fin de establecer una línea base del mesozooplancton para futuros estudios.

Además, esta tesis explora la distribución, abundancia, composición y espectros de

tamaño del zooplancton a lo largo del ciclo anual en diferentes áreas productivas: océano

abierto y zona influenciada por el afloramiento.

Este estudio presenta la primera evaluación de las tasas de respiración de los eu-

fausiáceos, utilizando un Modelo Aditivo Generalizado para estimarlas con precisión y

comprender mejor el transporte de carbono. Además, esta tesis ha contribuido al campo

de la investigación al proporcionar el sexto estudio enfocado en la estimación del flujo

activo total, incorporando tanto el zooplancton como el micronekton, además del flujo pa-

sivo.
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Esta tesis proporciona un análisis exhaustivo de la variabilidad espacio-temporal de la

biomasa, abundancia, espectros de tamaño y flujo activo del mesozooplancton en el océano

Atlántico Norte. A partir de la recopilación y análisis de cinco décadas (1971–2021) de

datos de biomasa de mesozooplancton, se destacan los siguientes hallazgos clave:

Un descenso significativo de la biomasa en la zona oligotrófica al norte de las Is-

las Canarias durante el Late Winter Bloom, probablemente asociado al aumento de

temperaturas y a una mayor estratificación.

Valores más elevados de biomasa cerca de la costa africana y alrededor de las islas,

posiblemente impulsados por el afloramiento y el efecto de masa de isla al sur del

archipiélago.

Los ciclos estacionales mostraron un pico de biomasa durante el Late Winter Bloom,

excepto en las regiones de afloramiento, donde los valores máximos se registraron en

agosto debido a la intensificación de los vientos alisios, que favorecen el transporte

de Ekman y el afloramiento.

Los resultados subrayan la necesidad de un monitoreo a largo plazo en una estación

de serie temporal fija para comprender mejor la variabilidad estacional y a largo

plazo.

El análisis de la variabilidad anual de la comunidad de mesozooplancton en áreas

diferentes reveló patrones espaciales y estacionales distintivos:

La distribución de la abundancia de zooplancton formó grupos en función de la

estacionalidad y la influencia del afloramiento.

El análisis de los espectros de tamaño mostró pendientes más pronunciadas durante

el día en la estación estratificada, lo que indica una comunidad menos estructurada,
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mientras que el Late Winter Bloom presentó una mayor eficiencia trófica debido a

condiciones oceanográficas favorables.

Las diferencias entre los espectros de tamaño diurnos y nocturnos podrían atribuirse

a cambios comunitarios asociados con la migración vertical diaria.

Se observaron diferencias taxonómicas notables, siendo los Cladocera caracteri-

zando el grupo de afloramiento, mientras que Salpidae y Appendicularia diferen-

ciaban los grupos estacionales restantes.

Estos resultados resaltan el valor de la composición de abundancia para comprender

los cambios taxonómicos y el análisis de los espectros de tamaño para evaluar la

estructura del ecosistema y las interacciones depredador-presa.

El estudio sobre la bomba biológica de carbono permitió identificar los principales

factores que influyen en la respiración de los eufáusiaceos, llegando a las siguientes con-

clusiones:

Las tasas de respiración y la actividad del sistema de transferencia de electrones

(ETS) siguieron una tendencia espacial, disminuyendo hacia el sur pero aumentando

en la región de afloramiento africana.

Factores ambientales como la concentración de oxígeno epipelágico, los niveles de

clorofila a y la interacción entre la temperatura epipelágica y la concentración de

oxígeno mesopelágico influyeron significativamente en las tasas de respiración.

Se observó una fuerte correlación entre la respiración y la actividad específica del

ETS, con valores de R/ETS que superaron el umbral conservador de 0,5.

El análisis de las distintas vías de la bomba biológica de carbono en la zona mesopelág-

ica alrededor de la Península Ibérica reveló que:

El flujo de carbono fue impulsado principalmente por los migradores verticales di-
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arios del zooplancton y el micronekton, en lugar del flujo pasivo.

En el mar Mediterráneo, el zooplancton dominó debido a una mayor biomasa de

migradores, mientras que en el Atlántico Norte el micronekton, en particular los

decápodos, desempeñó un papel clave.

El flujo activo de los decápodos estuvo influenciado por la productividad del área,

mientras que los flujos activos del zooplancton y los peces mesopelágicos parecieron

estar relacionados con las masas de agua.

La baja contribución relativa del flujo pasivo, en comparación con el flujo activo

total, subraya el papel crítico de la bomba migratoria mesopelágica en el transporte

de carbono.
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