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RESUMEN

El transporte de carbono organico hacia el océano profundo es un
componente clave de la bomba bioldgica, a través del cual la materia organica
producida en la zona fotica es transferida a capas mas profundas,
promoviendo asi el secuestro de carbono. En los sistemas de surgencia
costera, como el del Pacifico suroriental, este proceso se ve fuertemente
influido por la alta productividad bioldgica, la variabilidad oceanografica y
las complejas interacciones entre los procesos fisicos y bioldgicos. Dentro de
este marco, el zooplancton y el micronecton desempefian un papel esencial
en el flujo vertical de carbono, no solo contribuyendo al hundimiento pasivo
de particulas de sus fecas y mudas (transporte pasivo), sino también a través
de su comportamiento migratorio vertical (transporte activo). En este Gltimo
proceso, se ha postulado que las migraciones verticales escalonadas (escalera
de migracion propuesta por Vinogradov 1962) combinadas con las
interacciones presa-depredador pueden exacerbar el flujo vertical de C
organico. Esta hipotesis sugiere que el suministro mas importante de alimento
en el océano profundo es el transporte activo de materia organica mediante
migraciones asincronicas de organismos peldgicos y sus interacciones
troficas desde la zona superior a grandes profundidades en la columna de
agua. A este proceso combinado lo llamaremos “escalera trofica”.

Una escalera tréfica favoreciendo el transporte vertical de carbono en
el sistema de surgencia del centro-sur de Chile, sugiere que las interacciones
presa-depredador y las migraciones verticales de los organismos peldgicos

dan lugar a un flujo vertical escalonado de C que puede acelerar su transporte
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desde la capa fotica hacia las capas meso y batipelagicas, integrando asi
procesos ecoldgicos y biogeoquimicos dentro del funcionamiento de la
bomba bioldgica del carbono. En este marco conceptual, se ha desarrollado
la presente tesis, planteando como objetivo central la puesta a prueba de la
hipotesis nula de la existencia de dicha escalera trofica en el sistema de
surgencia del Pacifico sur oriental frente a la costa de Chile considera las
zonas de Iquique y Concepcidn como areas de estudio.

El capitulo 1 se centrd en la caracterizacion de estructura y dindmica
trofica de un componente clave del ecosistema pelagico, el mesozooplancton.
Para tales fines, se analizaron muestras de zooplancton obtenidas durante el
crucero LowPhox-II del verano austral del 2018 frente a la zona norte de
Chile (Iquique). Las muestras obtenidas en 5 estratos verticales entre los 900
y 0 m de la columna de agua en condiciones diurnas y nocturnas se analizaron
mediante métodos automatizados para cuantificar e identificar los grupos
taxonémicos de la comunidad del mesozooplancton. El andlisis incluy6
adicionalmente la determinacion de iso6topos estables de C y N en cuatro
clases de tamafio de la comunidad. Durante el crucero se obtuvieron también
variables ambientales hidrograficas. Se estimo la migracion vertical diurna-
nocturna del zooplancton (DVM) y sus interacciones troficas basadas en la
composicion isotdpica de los diferentes grupos taxondmicos y fracciones de
tamafio. El estudio propuso un Indice de Comportamiento Tréfico (Trophic
Behavior Index, TBI). Este indice integra tres atributos bioldgicos claves del
zooplancton: el tamafio del individuo, la amplitud de la migracion vertical
diaria (DVM), y la posicion trofica estimada mediante el uso de is6topos

estables de nitrogeno que compone la biomasa del zooplancton. Su aplicacion



permiti6 clasificar la comunidad en cuatro grupos funcionales: consumidores
primarios, predadores moderados, predadores fuertes y predadores tope; y
evidencid que la estructura trofica de la comunidad esta determinada
principalmente por caracteristicas bioldgicas mas que por la variabilidad
ambiental. Los depredadores fuertes y tope dominaron las zonas oceanicas,
mientras que los consumidores primarios prevalecieron en la costa,
demostrando que el TBI constituye una herramienta para evaluar la
organizacion funcional del zooplancton en sistemas de surgencia altamente
variables y otorga un criterio para definir las relaciones presa-depredador.
El Capitulo 2 se enfocod en cuantificar el transporte lateral (costa-
oc€ano) y transporte activo de carbono mediado por el zooplancton y el
micronecton durante el verano de 2023 frente a la zona de surgencia de Chile
centro-sur (36 °S). Los analisis se realizaron utilizando muestras de
zooplancton y micronecton obtenidas durante el crucero MAPUCHE. Los
muestreos fueron también en estratos verticales en la zona costera en los
primero 200 m de la columna de agua y la zona ocednica para condiciones
diurnas y nocturnas en los primeros 1000 m, acompafnados con informacion
ambiental hidrografica. Se analiz6 la composicion taxondémica de las
comunidades del mesozooplancton y del micronecton, asi como se determind
la composicion isotopica de cuatro clases de tamafio del zooplancton y desde
organismos seleccionados del micronecton. El estudio ademds integro
analisis 1sotdpicos de aminodcidos (CSIA-AA) en ambos componentes de la
comunidad pelagica. Utilizando los datos de variables hidrogréficas,
complementados con data satelital, el estudio estimo el transporte lateral por

adveccion (Transporte de Ekman) durante surgencia activa. Los andlisis de



la composicidn isotopica en el aminoacido fenilalanina (8'°N-fenilalanina)
mostraron una baja variabilidad entre estaciones costeras y ocednicas, lo que
sugiere una fuente comun de nitrégeno derivada de la produccion costera que
se redistribuye lateralmente hacia zonas mas oceanicas. A lo largo del
gradiente costa-océano, las posiciones troficas aumentaron desde herbivoros
(~2.0) hasta carnivoros de niveles superiores (>5.0). La estimacion integrada
del transporte activo de carbono mediado por zooplancton y micronecton
hasta los 1000 m de profundidad alcanzé los 38.3 mg C m™2 d, lo que
equivale al 2.7% de la produccion primaria neta (PPN) en la zona oceanica y
al 2.1% de la PPN en la zona de surgencia costera. El micronecton es uno de
los principales vectores en el transporte activo de carbono desde la superficie
hacia la Zona Minima de Oxigeno, integrando el carbono previamente
procesado por el zooplancton migrador y superficial-no migrante.

Los resultados proveen apoyo a la existencia de una “escalera trofica”,
en la cual el zooplancton migrador y el micronecton participan de manera
complementaria en la transferencia activa de carbono hacia las
profundidades. Este mecanismo se ve reforzado por la circulacion costera y
los procesos de adveccion lateral asociados al transporte de Ekman y otros
procesos fisicos que redistribuyen la biomasa generados en la zona de
surgencia hacia el océano abierto. En conjunto, los hallazgos de esta tesis
sugieren que la interaccidon entre procesos fisicas acoplados a procesos
biologicos del zooplancton y micronecton, tales como la migracion vertical
y las interacciones troficas, conforman un mecanismo efectivo dentro de la
bomba biologica del carbono, promoviendo la conexion entre la alta

productividad costera y el secuestro de carbono en el océano profundo.
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ABSTRACT

The transport of organic carbon to the deep ocean is a key component
of the biological pump, through which organic matter produced in the photic
zone is transferred to deeper layers, thus promoting carbon sequestration. In
coastal upwelling systems, such as that of the southeastern Pacific, this
process is strongly influenced by high biological productivity, oceanographic
variability, and the complex interactions between physical and biological
processes. Within this framework, zooplankton and micronekton play an
essential role in the vertical flux of carbon, contributing not only to the
passive sinking of particle flux from their fecal pellets and molts (passive
transport), but also through their vertical migratory behavior (active
transport). In this latter process, it has been proposed that stepped vertical
migrations (the migration ladder proposed by Vinogradov 1962), combined
with predator—prey interactions, may exacerbate the vertical flux of organic
C. This hypothesis suggests that the most important supply of food to the
deep ocean is the active transport of organic matter through asynchronous
migrations of pelagic organisms and their trophic interactions from the upper
zone to great depths in the water column. We refer to this combined process
as a “trophic ladder.”

A trophic ladder favoring the vertical transport of carbon in the
upwelling system off central-southern Chile suggests that predator—prey
interactions and the vertical migrations of pelagic organisms give rise to a
stepped vertical flux of C that may accelerate its transport from the photic
layer to the meso- and bathypelagic layers, thereby integrating ecological and

biogeochemical processes within the functioning of the biological carbon
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pump. Within this conceptual framework, the present thesis was developed,
with the central objective of testing the null hypothesis of the existence of
such a trophic ladder in the upwelling system of the southeastern Pacific off
the coast of Chile, considering the areas of Iquique and Concepcion as study
sites.

Chapter 1 focused on characterizing the structure and trophic dynamics
of a key component of the pelagic ecosystem, the mesozooplankton. To this
end, zooplankton samples collected during the LowPhox-II cruise in the
austral summer of 2018 off northern Chile (Iquique) were analyzed. Samples
obtained from 5 vertical strata between 900 and 0 m of the water column
under daytime and nighttime conditions were analyzed using automated
methods to quantify and identify the taxonomic groups of the
mesozooplankton community. The analysis additionally included the
determination of stable isotopes of C and N in four size classes of the
community. Hydrographic environmental variables were also obtained
during the cruise. Diel vertical migration (DVM) of zooplankton was
estimated, along with their trophic interactions based on the isotopic
composition of the different taxonomic groups and size fractions. The study
proposed a Trophic Behavior Index (TBI). This index integrates three key
biological attributes of zooplankton: individual body size, the amplitude of
daily vertical migration (DVM), and trophic position estimated using stable
nitrogen isotopes that comprise zooplankton biomass. Its application allowed
the classification of the community into four functional groups: primary
consumers, moderate predators, strong predators, and top predators; and

showed that the trophic structure of the community is determined mainly by
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biological characteristics rather than environmental variability. Strong and
top predators dominated oceanic zones, whereas primary consumers
prevailed in coastal areas, demonstrating that the TBI constitutes a useful tool
for assessing the functional organization of zooplankton in highly variable
upwelling systems and provides a criterion for defining predator—prey
relationships.

Chapter 2 focused on quantifying lateral (coast—ocean) and active
carbon transport mediated by zooplankton and micronekton during the
summer of 2023 off the upwelling zone of central-southern Chile (36°S).
Analyses were conducted using zooplankton and micronekton samples
collected during the MAPUCHE cruise. Sampling was also carried out in
vertical strata: in the coastal zone within the first 200 m of the water column,
and in the oceanic zone under daytime and nighttime conditions within the
first 1000 m, accompanied by hydrographic environmental information. The
taxonomic composition of the mesozooplankton and micronekton
communities was analyzed, and the isotopic composition of four size classes
of zooplankton and of selected micronekton organisms was determined. The
study further integrated compound-specific stable isotope analyses of amino
acids (CSIA-AA) in both components of the pelagic community. Using
hydrographic variables complemented with satellite data, the study estimated
lateral advective transport (Ekman transport) during active upwelling.
Isotopic analyses of the amino acid phenylalanine (&' N-phenylalanine)
showed low variability between coastal and oceanic stations, suggesting a
common nitrogen source derived from coastal production that is laterally

redistributed toward more oceanic areas. Along the coast—ocean gradient,
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trophic positions increased from herbivores (~2.0) to higher-level carnivores
(>5.0). The integrated estimate of active carbon transport mediated by
zooplankton and micronekton down to 1000 m depth reached 38.3 mg C m=
d!, equivalent to 2.7% of net primary production (NPP) in the oceanic zone
and 2.1% of NPP in the coastal upwelling zone. Micronekton is one of the
main vectors of active carbon transport from the surface to the Oxygen
Minimum Zone, incorporating carbon previously processed by migrating and
surface/non-migrating zooplankton.

The results provide support for the existence of a “trophic ladder,” in
which migrating zooplankton and micronekton participate complementarily
in the active transfer of carbon to depth. This mechanism is reinforced by
coastal circulation and lateral advection processes associated with Ekman
transport and other physical processes that redistribute the biomass generated
in the upwelling zone toward the open ocean. Taken together, the findings of
this thesis suggest that the interaction between physical processes coupled
with biological processes of zooplankton and micronekton such as vertical
migration and trophic interactions constitutes an effective mechanism within
the biological carbon pump, promoting the connection between high coastal

productivity and carbon sequestration in the deep ocean.
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1. INTRODUCCION

1.1 El transporte activo en la bomba biologica

La bomba bioldgica es un proceso dinamico que representa la exportacion
neta de carbono organico hacia el océano profundo (a partir de los 200 m de
profundidad) (Boyd et al., 2019), sobre la base de la relacion entre los
productores primarios y los niveles troéficos superiores (ej.: zooplancton y
micronecton) (Buesseler & Boyd, 2009; Honjo et al., 2008), por ello es uno de
los procesos claves del ciclo del carbono en el océano (Ariza et al., 2015; Bates,
2019; Le Moigne, 2019; Steinberg & Landry, 2017). El carbono orgénico es
exportado a la forma de carbono orgéanico disuelto (DOC) o particulado (POC).
Aproximadamente el 80% del carbono exportado a nivel mundial se encuentra
en forma de POC, el DOC puede representar entre el 30% y el 50% de las
exportaciones de carbono en los 500 m superiores de la columna de agua en
sitios ocednicos especificos (Turner, 2015; Bates, 2019).

Se estima que la bomba bioldgica anualmente remueve >10 billones de
toneladas de carbono en la zona epipeléagica, pero solo 10% de ese flujo llega a
la zona mesopeldgica, y esto sugiere que el gradiente vertical estd controlado
por procesos biologicos ademas de la solubilidad del CO; (Turner, 2015). Los
componentes de la bomba biologica son responsables de la transformacion del
carbono inorgéanico disuelto (DIC) en carbono organico. Asi, el fitoplancton
incorpora el CO, por medio de la fotosintesis en la zona eufotica y luego es
consumido por micro o mesozooplancton herbivoros (pastoreo o “grazing”), o
sujeto a degradacion por parte de la comunidad microbiana. Dentro de los
primeros estratos de la columna de agua la mayoria del carbono es respirado,
ademéds que existe depredacion (ej.: microzooplancton presa del

mesozooplancton y éste por peces). El POC fitoplantonicos es respirado por el



zooplancton y procariotas, proceso mediante el cual se libera CO,, y que se
excreta como DOC, siendo utilizado también en el ciclo microbiano. El
mesozooplancton como copépodos y otros depredadores como peces, producen
ademas POC en forma de pellets fecales los cuales se agregan y se hunden, pero
a su vez pueden ser remineralizado por la actividad microbiana y coprofagos
(Fig. 1) (Longhurst & Harrison, 1989; Ducklow et al., 2001; Steinberg &
Landry, 2017).

Figura 1. Esquema conceptual simplificado de la bomba biologica. Tomado de Steiberg & Landry, 2017.

Se considera que la exportacion del carbono en el océano es efectiva una
vez que atraviesa la zona eufotica (>200 m de profundidad), considerando que
uno de los mecanismos la exportacion por la bomba biologica, la cual lleva
carbono a aguas mas profundas o al fondo marino en sus forma disuelta o
particulada.

El transporte de carbono al océano profundo puede ser pasivo o activo;

el primero representa el hundimiento de materia orgénica a través de la columna



de agua, cuyo flujo puede ser estimado por trampas de sedimento, tales como
los pellets fecales de zooplancton y peces, que es una forma de exportar POC o
por las agregaciones de materia organica (nieve marina) (Turner, 2015; Hansen
& Visser, 2016). Para evaluar la eficiencia de este transporte es necesario
considerar la velocidad de hundimiento, lo cual dependera del tamafio y forma
del material o las agregaciones que pudiera formar, ademas de la densidad,
porosidad, y procesos bioldgicos como la degradacion bacteriana (de La Rocha
& Passow, 2007). Este tipo de transporte constituye una fuente de alimento para
organismos no migrantes del océano profundo (Steinberg et al., 2008). El
segundo tipo de transporte de carbono es el activo, el cual estd representado
principalmente por la migracion vertical de los organismos, la cual puede ser
nictimera (dia-noche), estacional y ontogénica. Este tipo de transporte depende
de la ingesta de carbono, crecimiento, reproduccion y su liberacion en aguas
profundas por la respiracion, egestion, excrecion, y mortalidad (Davison et al.,
2013; Ariza et al., 2015; Turner, 2015; Steinberg & Landry, 2017). El
zooplancton predomina el flujo activo, debido a que incluye diversos
organismos que realizan migracion vertical y que se alimentan en las aguas
superficiales durante la noche y regresan a las aguas profundas durante el dia,
transportando activamente material disuelto y particulado a la profundidad,

donde una parte se metaboliza (Bates, 2019; Kelly et al., 2019).

1.1.1 La migracion vertical y las interacciones troficas

La migracion vertical diaria es una respuesta adaptativa de comunidades
peladgicas, principalmente para la alimentacidén o para evadir la depredacion y
ahorro energético. En el zooplancton se han originado adaptaciones fisiologicas
y de comportamiento asociadas a la migracion vertical, también exhibiendo

diferencias ontogénicas, las cuales se pueden observar en los estadios de



nauplios de copépodos que no tienen el mismo comportamiento que los adultos,
larvas de peces presentan un cambio morfologico conforme a su desarrollo por
lo que sus patrones de migracién también cambian (Ringelberg, 2010).

La migracién vertical en el océano es desarrollada por diferentes especies
de diferentes tamaiios, demostrando una alta diversidad y agregaciones, como
zooplancton (meso y macrozooplancton) y micronecton (mayoria peces
mesopelagicas y decapodos). El zooplancton migrante es de tamafio grande
como ciertas especies de copépodos (Calanus finmarchicus, C. pacificus, y
Eucheta elongata) y eufausidos (Euphausia mucronata, E. pacifica y E. eximia),
los cuales puede presentar una residencia variable en la columna de agua
durante las horas de luz, y se asume que migran desde los 800 m a la superficie,
aunque esto depende de las condiciones fisicoquimicas de la columna de agua
(Bode & Hernandez-Leon, 2018; Ringelberg, 2010; Riquelme-Buguefio et al.,
2020).

La amplitud y patrones de migraciéon varian con la estacionalidad,
algunos peces planctivoros varian su distribucion de acuerdo con la abundancia
y cambios en la concertacion de su alimento, por ejemplo, el incremento de la
concentracion de clorofila a entre los primeros 15 m fue correlacionada
positivamente con la amplitud de migracion, generando que la migracion
vertical diaria incremente la produccién exportada hasta un 14% anual
(Archibald et al., 2019b; Hernandez-Leon et al., 2019, 2020).

Las migraciones verticales han sido estudiadas ampliamente en diversos
sistemas, principalmente en la zona peldgica y mesopelagica, observando una
diferencia en las agregaciones por tamafo y la migracion diaria (Steinberg &
Landry, 2017; Kelly et al., 2019). La magnitud del transporte activo dependera
entonces de la migracion vertical, la cual varia espacio-temporalmente. El

transporte activo esta correlacionado con la biomasa y la composicion
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taxondmica, entonces los flujos altos de respiracion seran el resultado de un
incremento en el transporte activo comparado con el pasivo, lo cual se ha
observado en las migraciones diurnas/nocturnas al nucleo de la Zona Minima
de Oxigeno de Pleuromamma abdominalis y Nematobrachion flexipes, y de
especies dominantes como FEuphausia gibboides, Sergia splendens 'y
Lobianchia dofleini en el océano Atlantico (Ariza et al., 2015; Wishner et al.,
2018), donde las especies del micronecton contribuye a la exportacion de
carbono en aguas mas profundas, lo que sugiere que los flujos de carbono
impulsados por esta comunidad son importantes para los modelos futuros de la
bomba de carbono biologica (Ariza et al., 2015; Hernandez-Ledn et al., 2019).

Otro proceso involucrado en la cantidad de carbono que es secuestrado al
océano profundo es mediante la interaccion trofica de organismos migrantes,
este principio fue propuesto por Vinogradov, (1962), denominado como
“escalera de migracion”. La hipotesis se basa en que el suministro mas
importante de alimento en el océano profundo es el transporte activo de materia
organica mediante migraciones asincronicas de organismos peldgicos y sus
interacciones troficas desde la zona superior a grandes profundidades en la
columna de agua.

Las estimaciones de la exportacion de carbono mediante trampas de
sedimentacion en su mayoria ignoran el transporte activo y se basan inicamente
en mediciones directas del flujo pasivo (Davison et al., 2013; Steinberg &
Landry, 2017), ademas no se ha considerado la interaccidon trofica en que
participan los organismos migrantes, es decir a la fecha no se ha comprobado la
forma en que la escalera de migracién puede contribuir en la exportacion de
carbono mediante el transporte activo (Fig. 2).

La escalera de migracion esquematiza que, en la zona epipelagica, esta

representada por la migracion de especies de aguas superficiales, que a su vez
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se relacionan con el siguiente escalon que migra en la zona mesopeléagica,
denominada como capa de transicion, dada la posibilidad de alimentacion de
especies de superficie y de la zona batipeldgica superior; el siguiente escalon se
refiere a los migrantes en la porcidon batipeldgica donde se encuentran pocos
organismos de superficie y mas especies de capas profundas, principalmente
carnivoros, lo cual influird en el transporte de carbono hacia el fondo marino.
Se ha descrito que pocas especies interzonales descienden a la zona batipelagica
superior, sin embargo, permanecen por encima de los 1,100 m, sin considerar
asi las relaciones troficas que pudieran estar ocurriendo (Vinogradov, 1962;

Weikert, 1982).
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Figura 2. Exportacion (desde la zona epipelagica hacia la zona mesopelagica) y secuestro de Carbono (desde
la zona mesopelagica hacia la zona batipelagica). Representacion del POC (flechas verdes), flujo activo
debido al zooplancton migrante y micronecton (flechas rojas) y flujo estimado de carbono organico disuelto
(DOC, flechas naranjas). Los valores se dan en g C m? y*!, signos de interrogacion hacen referencia al flujo
de secuestro activo desconocido. Esquema tomado de Hernandez-Ledn et al., (2020).



Las técnicas para el estudio de tramas troficas y flujo de energia en los
ecosistemas pueden dividirse en técnicas tradicionales (contenido estomacal,
analisis de fecas, analisis parasitologico etc.) y mas avanzadas como el analisis
de isotopos estables (SIA por sus siglas en ingles) y modelos ecotréficos, hasta
llegar a los andlisis modernos como acidos grasos, técnicas moleculares e
isotopos estables en compuestos especificos (Hyslop, 1980; Iverson et al., 2004;
Lorrain et al., 2009; Post, 2002, Nacari et al. 2022).

El uso de proporciones de isdtopos estables total se basa en el supuesto
de que la composicidn isotdpica de un consumidor refleja la media ponderada
de la composicidon isotopica de sus fuentes de alimentos. Esta suposicion
generalmente se da para los isotopos estables de carbono y de nitrogeno
(Mcclelland & Montoya, 2002). Una ventaja de las técnicas de is6topos estables
es que proporcionan una medida continua de la posicion trofica que integra la
asimilacion de energia o flujo de masa a través de todas las diferentes vias
troficas que conducen a un organismo (Post, 2002).

En el caso de los isotopos estables en compuestos especificos (ej.:
aminodcidos) pueden proporcionar informacion sobre la dieta y la fisiologia de
los organismos, asi como los origenes de materia organica (Mcclelland &
Montoya, 2002). El andlisis de la estructura trofica ha entregado evidencia de
que la migracién activa causa diferencias en la diversidad y numero de niveles
troficos, asi como en el tamafio y superposicion del nicho trofico, asociado a las
estrategias de busqueda de alimento en capas superficiales. Adicionalmente la
biomasa de zooplancton de aguas profundas y el incremento en los niveles
troficos con la profundidad, impacta al transporte de carbono (Archibald, et al.
2019; Hernandez-Leodn et al., 2019). Por tal razén, los organismos migrantes y

el proceso de remineralizacion por microrganismos se consideran potenciadores



del transporte de C a la profundidad (Bode & Herndndez-Leon, 2018;
Hernandez-Ledn et al., 2019, 2020)

Las interacciones troficas en los peces mesopeldgicos, como las
estudiadas en el en el mar del Sur de China, son complejas y estan
fundamentalmente determinadas por sus habitos migratorios y su papel en el
transporte de energia a través de la columna de agua, en el caso peces
planctivoros migradores actian transfiriendo energia del zooplancton de la
superficie hasta los peces piscivoros que habitan en la capa mesopelagica,
observando que la migracion de los depredadores estd ligada a la de su presa,
es decir los peces piscivoros migradores se sincroniza con la migracion de los
planctivoros (Wang et al., 2019). Este transporte activo de C por los peces
mesopelagicos podria representar una proporcion notable del flujo de carbono
exportado, especialmente en las profundidades mesopelagicas y batipelagicas
(Hernandez-Leon et al., 2019; Kelly et al., 2019; Wang et al., 2019; Bode et al.,
2021). Por ello es necesario conocer las interacciones troficas y la forma que
influyen junto a la migracion vertical, en la transferencia de carbono via redes

troficas presentes en la columna de agua y que llega al océano profundo.

2. HIPOTESIS Y OBJETIVOS

2.2. Hipotesis

El efecto combinado de las interacciones presa-depredador y sus
migraciones verticales originan una escalera trofica que promueve
significativamente el transporte vertical de carbono organico desde la capa

fotica hacia el océano profundo.



2.3. Objetivo general

Contribuir a la determinacién de la existencia de una escalera trofica que

promueve el flujo vertical de carbono organico hacia al océano profundo.

2.3.1. Objetivos especificos

1) Establecer la interaccion entre las relaciones presa-depredador del
zooplancton y sus migraciones verticales en un sistema de surgencia,
utilizando como biomarcadores los isotopos estables de 5°C y 5*°N.

2) Caracterizar la estructura tréfica y migraciones verticales diurna-
nocturna del mesozooplancton en un sistema de surgencia altamente
productivo en relacion con las condiciones oceanograficas.

3) Evaluar si la escalera trofica constituye un mecanismo que contribuye
significativamente al transporte vertical de carbono organico hacia el

oc¢ano profundo en un sistema de surgencia altamente productivo.

3. MATERIAL Y METODOS

3.1 Area de estudio

La zona de estudio estd localizada en el Océano Pacifico Sur Oriental
frente a Chile, donde se localiza el Sistema de la Corriente de Humboldt (SCH),
la cual es una corriente fria que fluye aproximadamente desde los 42° S (Chiloé)
con direccion al norte, extendiéndose asi por toda la zona costera del sur de
Chile hasta el Ecuador, con la presencia de distintas masas de agua: Agua
Subtropical (AST), Agua intermedia del Pacifico Sur Este (AIPSE), Agua
Ecuatorial Subsuperficial (AESS), Agua Intermedia Antartica (AIAA) y Agua
Profunda del Pacifico (APP) (Strub et al., 1998; Schneider et al. 2004).
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En la zona norte de Chile (18° S a 30°S), la surgencia es semipermanente
debido a que los vientos sur y Sur Oeste prevalecen a través de todo el afio
(Escribano & Morales, 2004). En esta region de surgencia, y debido a la alta
produccién primaria, existe un alto consumo de oxigeno por la descomposicion
de ésta, sumado a la ventilacion lenta, por lo cual se genera una zona minima
de oxigeno (ZMO) extensa (40 a 500 m), con una oxiclina intensa (>1 uM/m)
y concentraciones minimas de oxigeno que alcanzan valores <1 uM en el nacleo
de la ZMO. Su limite superior se localiza entre 25 a 50 m de profundidad frente
a las costas de Peru y norte de Chile, respectivamente (Ulloa & Pantoja, 2009).

Por otra parte, en la zona centro-sur de Chile (33-40 °S) la surgencia es
estacional y se manifiesta con su mayor intensidad en la primavera-verano
austral y muy disminuida en el otofio-invierno (Sobarzo et al., 2007), de tal
manera que se puede definir un periodo de surgencia activa y un periodo de
relajacion de la surgencia (Escribano et al., 2004). La ZMO también se
manifiesta, aunque con menor intensidad que en la zona norte y principalmente
en el periodo de surgencia (Sobarzo et al., 2007).

Tanto en el norte del pais. como en la zona centro-sur, existe una alta
produccion de zooplancton, dominada por copépodos y eufausidos (Escribano
& Mclaren, 1999; Escribano et al., 2007; Riquelme-Buguefio et al., 2013), asi
como una alta produccion pesquera dominada por peces pequenos pelagicos y

grandes pelagicos (Cahuin et al., 2013).

3.2 Disefio de muestreo y adquisicion de datos

Ambas areas fueron muestreadas durante el verano austral, a bordo del
RV Cabo de Hornos (St. T3 y St. T5 frente a Iquique, crucero LowpHox II, de
04 a 05 de febrero del 2018) y del RV Sonne (frente a Concepcion, crucero
S0296/2, 22 al 27 de enero 2023) (ver Fig. 3). En ambos cruceros, los datos
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hidrogréficos fueron obtenidos mediante el despliegue de un CTD Seabird SBE-
911 plus (sensores de conductividad, temperatura y presion), equipado con un
sensor de oxigeno SBE-43 y un fluorometro SeaTech.

75°W 70°W

0 100200 Km

Figura 3. Area de estudio en la region de surgencia en la Pacifico sur oriental, con dos estaciones de muestreo
al norte de Chile durante el crucero oceanografico LowpHox II y una estacion al centro-sur durante el crucero
S0296/2. Las estaciones estan representadas por puntos negros.

Las muestras de zooplancton fueron recolectadas en cada estacion
durante el dia (08:00 a 18:00, hora local) y durante la noche (21:00 a 04:00,

hora local), en la region norte y sur respectivamente, mediante lances verticales
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estratificados de un Multi Plankton Sampler Hydro-Bios (area de abertura de
0,25 m? y malla de 200 um), que colectd zooplancton en cinco estratos de
profundidad en los primeros 900 m (ver ANEXO). Estos estratos fueron
definidos de acuerdo con el perfil de oxigeno, de modo que cada estrato
representara condiciones distintas: desde la capa superficial altamente
oxigenada, atravesando el ntcleo de la ZMO, hasta por debajo de su limite
inferior.

Las muestras fueron divididas en dos mitades mediante un divisor
Motoda (T3 y T5) o recolectadas por duplicado en lances consecutivos con el
Multinet (T39). En el caso de las muestras divididas, una mitad fue preservada
en formalina al 5% tamponada con agua de mar para andlisis taxondmico. La
otra mitad fue fraccionada en cuatro clases de tamafio (200-500, 500-1000,
1000-2000 y 2000-5000 pm) a traves de un tren de tamices de diferentes
tamanos (200, 500, 1000 y 2000 um) y congelada en nitrogeno liquido para
analisis de iso6topos estables. Las mediciones de is6topos de C y N se realizaron
en muestras diurnas y nocturnas en las estaciones T3 y TS, mientras que en la
estacion T39 (regidon centro-sur) solo se analizaron muestras nocturnas. Cabe
sefialar que en T3 faltaron mediciones isotopos por falta de biomasa de
zooplancton a 30, 90 y 150 m.

Especificamente en el area de estudio correspondiente al centro-sur, se
muestreo la porcion costera a lo largo de un transecto comprendido por las
estaciones 18, 26 y 31 (ver ANEXO), localizadas sobre la plataforma
continental, de las cuales se obtuvieron muestras de seston (0.7-100 um) las
cuales fueron recolectadas en la zona euf6tica a lo largo del transecto mediante
un muestreador de roseta equipado con botellas Niskin de 10 L. Posteriormente,
las muestras fueron filtradas en filtros GF/F o en filtros de policarbonato de 0.8

um de poro (47 mm de didmetro) para los analisis de CSIA-AA.
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En el caso de los muestreos de zooplancton en las estaciones costera se
definieron 2 a 3 estratos de profundidad entre la superficie y los 200 m (ver
ANEXO). La red y procedimientos fueron iguales a los especificados
anteriormente.

Adicionalmente, se utilizd6 una red MOCNESS (Multiple Opening-
Closing Net and Environmental Sensing System) para la colecta de muestras de
micronecton (2-20 cm), en la zona centro-sur (T39) tanto en el dia como en la
noche, hasta una profundidad de 1000 m. El marco de la red tuvo un area de
abertura de 10 m? y estuvo equipado con 6 redes de malla de 3 mm cada una. El
sistema MOCNESS oper6 en tiempo real a través de un cable conductor y una
unidad de cubierta, lo que permitid6 monitorear el angulo de arrastre y cerrar
cada red a las profundidades seleccionadas. La red fue arrastrada a una
velocidad de 2-3 nudos y recuperada a 0,5 m s™. Los individuos capturados en

las redes fueron separados, medidos y congelados en nitrégeno liquido.

3.3 Procesamiento de muestras

Los andlisis cuantitativos y cualitativos del zooplancton se realizaron
mediante iméagenes digitalizadas obtenidas con un sistema de escaneo digital
ZooScan (Hydroptic) en ambas areas de estudio. Submuestras fueron
escaneadas y digitalizadas a una resolucion de 2400 dpi y procesadas con el
software ZooProcess (Gorsky et al., 2010). La biomasa de cada taxon fue
estimada a partir del didmetro esférico equivalente (ESD, mm) de cada objeto
escaneado (individuo), aplicando la ecuacion empirica de Medellin-Mora et al.
(2019) para calcular el peso seco (DW, mg):

DW = 34.3 ESD >3
La biomasa de carbono de los individuos fue calculada asumiendo que el

carbono corresponde al 40% del peso seco (Omori e Ikeda, 1984; Escribano et
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al. 2007). Las abundancias de zooplancton (ind. m™) fueron obtenidas
considerando el nimero de individuos por taxén y estandarizadas segun el
volumen de agua filtrado por el MultiNet (m?).

Las muestras de micronecton fueron identificadas hasta el nivel de
familia, pesadas (peso humedo en gr) y medidas (cm), cabe resaltar que estas
muestras corresponden Unicamente al area de estudio representada para el sur
enfrente de Concepcion (T39). Aproximadamente 1 g de musculo fue obtenido,
evitando huesos, piel y oOrganos internos o exoesqueleto, para los analisis
1sotdpicos posteriores. Estas submuestras fueron liofilizadas y almacenadas en
condiciones secas hasta su procesamiento.

La biomasa de carbono se estimo convirtiendo el peso himedo (WM, por
sus siglas en inglés) a peso seco (DW, por sus siglas en inglés), y posteriormente
la DW a biomasa de carbono. Se asumi6 un contenido de agua del 75% para
peces y crustaceos, de acuerdo con los valores reportados por Cotté et al. (2022).
El porcentaje de carbono en la masa seca (%C en DW) se obtuvo a partir de
nuestros resultados de isotopo del bulk realizados en taxones representativos de
cada grupo. Estos valores fueron promediados por grupo y utilizados para
convertir DW en biomasa de carbono para los analisis troficos y de flujo de
carbono.

La abundancia se estim6 a partir del numero de individuos de cada taxa
identificados y recolectados en cada red; estos conteos fueron estandarizados a
individuos por metro cubico (ind. m?) usando el volumen de agua filtrada
medido en cada lance. Esto permiti6 una comparacion consistente de la

abundancia de micronecton entre estratos de profundidad y estaciones.
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3.4. Estimacion de Migracion vertical

Se calcul6 la profundidad Media Ponderada del Zooplancton (WMD,)
para cada categoria taxondmica durante el dia y la noche de acuerdo con
Andersen et al. (2004), que incluye la variabilidad del espesor en cada estrato.

WMD = X(n; X z; X d;)/Z(n; Xz)

Donde #; es la abundancia o biomasa de la poblacién i (ind.1000 m™), d;
la profundidad de la muestra i (m), que se considera como el punto medio de
cada estrato de profundidad y z; es el ancho del estrato (m).

Adicionalmente se calcul6 la amplitud de migracion vertical (AMVD)
mediante la diferencia entre la WMD durante el dia y la noche para cada taxon,
sin son valores positivos indican migracion vertical normal (ascenso nocturno
por los individuos residentes de profundad en el dia) y valores negativos indica

una migracion vertical inversa (Tutast & Escribano, 2020).

3.5 Analisis de isotopos estables

Los iso6topos estables (8"°C y 6'N) fueron determinados en
aproximadamente 2 mg de muestras previamente homogenizadas y liofilizadas
de cada fraccion de tamafio. Los analisis fueron realizados en el Laboratorio de
Ecologia de Peces e Is6topos Estables de la Universidad de Antofagasta (Chile)
y en el Servicio de Andlisis Instrumental de la Universidad de A Corufia
(Espafia). Los resultados se expresaron en relacion con Vienna Pee Dee
Belemnite (VPDB) para 8*C y con el aire atmosférico para &'°N. Para
minimizar los posibles efectos del contenido lipidico, los valores de 8"*C fueron
corregidos usando las relaciones C:N de masa, de acuerdo con la ecuacion
empirica: A§'*C =-3.32+0.99 C: N donde A8"*C representa la deplecion en *C
causada por los lipidos (Post et al., 2007).
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El andlisis de is6topos compuestos especificos de 6'°N en aminoacidos
individuales (CSIA-AA) se realizO en submuestras siguiendo las
recomendaciones de Bode et al. (2021). Las muestras fueron derivatizadas para
mejorar el comportamiento cromatografico de los aminoacidos individuales. El
procedimiento incluyé una hidrélisis con 2 mL de HCI 6N (20 h, 110 °C),
seguida de filtracion (filtros hidrofilicos de 0.2 pum) y evaporacion bajo N2 a 60
°C. Posteriormente, los extractos fueron esterificados con una mezcla de 2.5 mL
de cloruro de acetilo:isopropanol (1:5) (60 min, 110 °C), y derivatizados con
una mezcla de 0.9 mL de diclorometano:anhidrido trifluoroacético
(DCM:TFAA, 3:1) (15 min, 110 °C).

Los derivados obtenidos fueron purificados mediante extraccion en fase
liquida usando 3 mL de cloroformo:buffer fosfato (1:2) (Na2HPO4 + NaH2PO4
en agua Milli-Q, pH=7.4), tras centrifugacion (13,200 rpm, 10 min) y posterior
evaporacion a temperatura ambiente bajo N2. Finalmente, los derivados acilo se
re-disolvieron en 0.25 mL de DCM y se almacenaron en viales a —20 °C hasta
su analisis.

El andlisis de los aminoacidos derivatizados se llevdo a cabo en un
espectrometro de masas de relaciones isotopicas DeltaV Advantage (Thermo
Scientific), acoplado mediante una interfase de flujo continuo Conflo IV a un
cromatografo de gases Tracel310GC (Thermo Scientific) y un moddulo de
combustion GC Isolink (Thermo Scientific). Los derivados TFA de los
aminodcidos fueron separados en una columna TG-5MS (60 m, 0.32 mm x 1.0
um); tras la separacion, los compuestos fueron oxidados para generar N2, el cual
fue posteriormente analizado por ionizacion electronica.

El método permitio el analisis de los siguientes aminoacidos individuales:
alanina (Ala), glicina (Gly), treonina (Thr), serina (Ser), valina (Val), leucina

(Leu), isoleucina (Ileu), prolina (Pro), metionina (Met), fenilalanina (Phe) y
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lisina (Lys). Considerando que la hidrolisis 4acida convierte la glutamina (Gln)
en acido glutdmico (Glu) y la asparagina (Asn) en &cido aspartico (Asp), la
abundancia isotopica de nitrégeno se determind también para las
combinaciones Gln+Glu (Glx) y Asn+Asp (Asx). Permitiendo asi obtener los
aminoacidos fuentes y troficos. Los resultados de 6'°N se expresaron en %o
relativos al aire atmosférico. Todos los andlisis isotopicos se realizaron en el

Servicio de Analisis Instrumental de la Universidad de A Corufia (Espaiia).

3.6 Ecologia trofica

La posicion tréfica (PT) promedio se define sobre estimaciones discretas
lineales basadas en el concepto tradicional de niveles troficos. Para ello PT se
estima sobre la base del contraste isotopico entre Glu y Phe, que se acepta como
el mejor par de aminoacidos para estimaciones de niveles troficos potenciales
en el plancton para identificar autotrofia (PT de 1.0), herbivoro (PT de 2.0) y
carnivoro de 1pt (PT de 3.0) y mixotrofia (1,0 < PT < 2.0) u omnivoro (2,0 <
PT < 3,0) (Weber et al., 2021). La posicion trofica (TP) de zooplancton y

micronecton se calculd como:

TPr, = [(615NTr - 515NPheC - ﬂ)/(TDF )]+1

donde Tr es el aminoacido trofico (Glx o Ala), B corresponde a la diferencia
entre Tr y Phe en la base de la red trofica (3.4%o0 y 3.2%0 para Glx y Ala,
respectivamente para zooplancton), y el enriquecimiento isotopico en cada nivel
trofico (TDF) se asumid como 7.6%0 y 4.5%0 para Glx y Ala, respectivamente
(Fernandez-Urruzola et al. 2023). En el micronecton, los valores fueron
ligeramente distintos siguiendo a Bode et al. (2021), con =3.6%0 y 3.2%0, y
TDF=5.7%0y 6.1%o para Glx y Ala, respectivamente.
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El efecto de la discriminacion trofica en el aminoacido fuente Phe
(0'*°N_Phe) fue corregido (6"°N_PheC) (Xing et al., 2020) asumiendo un
enriquecimiento de 0.4%o por cada nivel tréfico de acuerdo con Chikaraishi et
al. (2009):

8 Nppec = 6"°Nppe — 0.4 X (TPg — 1)

La contribucion fraccional del bucle microbiano a la red trofica

metazooplanctonica se calculd a partir de la diferencia entre TPy, y TP

(Fernandez-Urruzola et al., 2023):

TPyq — TPgix
TPAla

% Microbial contribution = 100 x

3.7 Calculos de flujo activo

Para estimar el flujo activo de carbono (C flux), se cuantificod la biomasa
de carbono del zooplancton y micronecton migratorio (mg C m™?) a través de
los estratos de profundidad muestreados durante el dia y la noche. La biomasa
migratoria se determind como la diferencia en biomasa de carbono entre las
muestras nocturnas y diurnas en cada estrato de profundidad. Posteriormente,
estas diferencias de biomasa se usaron para calcular la biomasa integrada en por
estratos en la columna de agua, con el fin de obtener el valor de biomasa
migratoria (MB) utilizado en el calculo del flujo de carbono, aplicando la

siguiente formula:

R+E+M
2

donde R corresponde a las tasas de respiracion, estimadas para el zooplancton

C flux = MB X

(Ikeda, 2014) y para el micronecton (Belcher et al. 2020) para peces de la
familia Myctophidae e Tkeda (2016) para micronecton en general. La tasa de

excrecion E, se obtuvo desde la literatura, asumiendo un 30% de la respiracion.
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Finalmente, M corresponde a la mortalidad, considerada como el 4% de la
biomasa migratoria (Andersen, 2004; Tutasi & Escribano, 2020).

Las tasas vitales R, E y M son todas dependientes de la temperatura y del
tamafio del organismo, por lo cual sus aplicaciones requieren incorporar estas
variables. Las relaciones obtenidas de la literatura cubren amplias areas
geograficas del océano mundial (Ikeda 2014), por lo cual su aplicacion en su
sistema de surgencia es apropiada (Escribano et al. 2009, Tutasi & Escribano,

2020).

20



4. RESULTADOS

4.1. Capitulo 1: “Evaluacion de la estructura tréfica de la comunidad de
mesozooplancton en el sistema de surgencia costera altamente variable del
Pacifico suroriental”

Articulo cientifico publicado en la revista Progress in Oceanography 239

(2025),103580. doi

Resumen

El zooplancton es un componente clave en la red trofica de los sistemas
de surgencia costera altamente productivos, al vincular a los productores
primarios con los niveles troficos superiores. Sin embargo, la compleja
taxonomia, el amplio espectro de tallas y la diversidad de comportamientos
troficos del zooplancton dificultan la caracterizacion de su estructura tréfica.
Este estudio propone un Indice de Comportamiento Tréfico (TBI, por sus siglas
en inglés) para evaluar la estructura tréfica del zooplancton y poner a prueba la
hipotesis de que atributos biologicos, clave como el tamafio corporal, el
comportamiento de migracion vertical diaria (DVM) y las interacciones
troficas, mas que los factores ambientales, son los principales determinantes de
la dinamica de la red trofica de las comunidades de mesozooplancton.

Para ello, analizamos muestras estratificadas en profundidad, colectadas
de dia y de noche, desde la superficie hasta los 900 m de profundidad en tres
estaciones con condiciones oceanograficas contrastantes en el sistema de
surgencia del Pacifico suroriental. Los gradientes verticales de temperatura,

clorofila-a y oxigeno disuelto fueron examinados en relacion con la abundancia
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y composicion del zooplancton, su comportamiento de DVM, los espectros de
biomasa por tallas y la posicién trofica.

El TBI propuesto fue construido a partir del tamafio corporal del
zooplancton (estimado mediante andlisis de imagenes automatizado), la
amplitud de la DVM vy la posicidn tréfica de los grupos taxondmicos derivada
de la composicion isotopica de nitrégeno. Posteriormente, este indice se
comparo entre diferentes condiciones ambientales, lo que permitié clasificar al
mesozooplancton en cuatro grupos funcionales troficos principales:
depredadores bajos (consumidores primarios), depredadores moderados,
depredadores fuertes y depredadore tope.

La wvariabilidad en las condiciones oceanograficas influy6o en la
composicion comunitaria y en el espectro de tallas del zooplancton; sin
embargo, nuestros resultados sugieren que el tamafio corporal, el
comportamiento de DVM vy la posicidn trofica son los determinantes principales
de la estructura trofica. Esto se refleja en la abundancia relativa de los grupos
funcionales, con los depredadores fuertes y tope predominando en zonas
oceanicas, mientras que la zona costera estuvo dominada por consumidores
primarios y depredadores moderados. En conjunto, nuestros hallazgos
respaldan al TBI como un descriptor robusto de la estructura trofica del

zooplancton en escenarios oceanograficos altamente variables.

22



Frogress in Oceacography 239 | 2025) 103530

Contents lists available at ScienceDirect [y a—

Progress in Oceanography

P I§| \ IFR jounal homepage: www.olsavier comiocate pocoan

Assessing the food web structure of the mesozooplankton community in the
highly variable coastal upwelling system of the southeast Pacific

Cabrera-Niiez Susana ™, Ferndandez-Urtuzola Igor ", Bode Antonio",
Hernandez Trujillo Sergio*, Hidalgo Pamela ", Escribano Ruben ™'

® Frograme de Posegrado Ex Occamagrafia. Deper de Ocoonografie, Focalmad de Cionciay Nosrales ¥ agrifteas, L d de Concepenin, Castila.
Concgpoion 160.C, Chile
¥ lnsnnes Milewo de pefia, L dad de C ccp Councepesdn, Chile
* tnzvam de Closcias Nanwole: Alesander von Mumbalk Porssiond de del Mo y Ligs s de Amnfag yegazen, Chile
‘MM«Ammwawﬁmamw
" dnszouo Pol discpk de Crencins Mertwaz, Depormavients de Noweos y Scalogie Moring, Av, 1PN 5/n Col Playa Polo de S R,
crmumnum
‘ & araf de Concepeldn. Comoepeldn. Chile
ARTICLEINFO ABSTRACT
Keywonds Zooplanktan atw a key compeaant in thw food web of highly productive coasal upwelllng systems tnking pel-
Zooplaskom mary producers to higher trophic levels. Mowsver, the complex tavonoeny, wide sive spectrum, and diverse
Diel vestical augrarian trophic behaviors of zooplauhton make it challenging to charactetize their food web structurs, This study peo-
Sae acyn poses a Trophic Behavics liklox (TBI) to assess the trophic structure of mooplankron and test the hypothesis thas
e sy key blological artribuses such as body size, tel vertical migration (DVM) behavior and trophic inseractioas,
Otypen mintmm tome racher than enviroamental factors, primarily abaps the food web dynamics of mesozoopiankion comenwmities, To
Prev-peadator infesactions Mmmmmammmmmmdwmmmm
upper 900 m a¢ three oceanographically ! th Pacific upwelling system. Vertical
gradients in temperanue, cw-nwwmmwmrwmmmm
dance and composition, their DVM bebavice, bis size spectrn and tophic position. The proposed TBI was
mumwmmmmwwmmmmmamm
of ived from nitrogen stable isotope composition. This index was then compared
mmmm mm<wmammmmmwnwm
tional gr mroag pred and top predators (very
mm;vmmm@tmmmﬁmdmmmw
anxd size epectruny; I + our findings suggest thar ooplankton body size, nvummmuwpmm
mummmu«mpmm«mummm d of functioaal
mﬁmmngmmmhoﬂmm.MMMWm
daminats] by primary g Mmhﬁammd&fﬂauﬁm
mwmdzmnwﬁkwmmmy b agrap: 1y
1. Introduction marine manunal: of economic and ecological interests (Kampd anl
Chingumaae, 2016). Zoopland are pi | i liaries linking pri-

Upwelling regions aze key areas of marine productivity, acting as mary producers to bigher trophic levels and, therefore, undemnndlng
biodiversity hotspots and supporting lenportant fishery resoutces. These thelr ecological role is essentinl for assessing the dynomics and pro-
ecosvatems harbor numerouvs species at lower trophic levels, which play duetivity of mulnr food webs.

a crucial role in transferring energy to predatory fishes, seabirds and Cha izing the trophic structuse of zooplankton com

* Corresponding author st tnstituto de Clegcias Naturales Alexander von Mumboldt, Facultad de Ciencias del Mar ¥ Recursos Bologicos, Universidad de Anto-

fagastn, Ansofagasa, Chile
E-mail address: (yor fermausdez@uancot <k (F.-U. fgori

harpee//deCorg/10.1016/), pocams, 20251 03550

Recelved 13 May 2025; Received in revissd form 16 Sepeember 2025: Accepesd 25 September 2025

Available caline @ Ociober 2025

0079-6611/0 2025 Elsevier Lud. All rights are reserved, including those for rext and daca nuinlag, Al ualning, and sindlar sechnologies,

23



C-N. Gysena er al

however, i3 dnllengmg due to their taxonomic complexity, wide au
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environmental conditions or by intrinzic brological attributes,

pectia and diverse feeding behaviors. The efficiency of trophi To address this q and to i gle the compl phi
akeyfa:touvsuhnngdnwbonﬂnx. b5 gly on zooplank ecology n dynambc marine envi we propose the e of the TBI,
ho.loptalkahx!ody:maffecuthetmatwhkh bon i= ferred a trophic index that lmegnm bod) size, diel vertical migration
from pnmuy producers to higher conzumers (Decima. 2022), species plitude and trophic p of zooplank taxa, as a tool to char.
can infl ¢ feeding efficiency and growth rates (Zhou, acterize the tophic stivcture of Lank ities, Spe-
A)on) and diel vertical migration (DVM) actively contribute: to the cifically, this study aims to (i) dmlopam!applvthem az a trait-based
do d post of organic carbon (Sisinberg and Lauuley, 2007, toal to deacribe the P phic ctructure, (ii) to evaluate
Tutas aml Escribano, 2020). Yet, most modeling approaches, such as Its performance across three 1 with cond ing oc i
Nutn Phytopl Zoopland (NPZ) jels (Franks, 2002), coaditions in the coastal upwelling region of the Southeast Paaﬁ:nn.d
fail to integ; these biological attributez, thus limiting predictions of (iii) to test the hypothesis that biclogical attributes, rather than eavi-
food web dynamics w upwelling systems. ronumental conditions, are the main drivers of the mesozooplanktoa
A proper characterization of the zooplankton c y should be trophic organization.
thus based ca some of their fundamental traits. The structure of the
pelagic food web, for ple, may exhibit rich ic diversity 2, Material and methods

over a wide range of body sizes, which Jetermines the energy flow
across trophic levels and the overall transfer efficiency, with nutnents
uzually being transferred from the smallest organiams to the larger ones
(Petess, 1903), Additionally. DVM plays a dual ecological role: It

tz i to depth and mediates predator-prey in.
le::knoxu t!uonzh vertical linkages acros: depth stzata, 3 mechaniam
known as the “trophic ladder™ (Vinogradoy, 1970). Tutasi and Escribano
(2020} examined the DVM of plankton in the coastal upwelling
zone of northern Chile and showed that these vertical mov

2.1. Field sampling

The study area lncludes three coastal stations, two of them located in
the notthern upwelling region off Chile and a third one at a further South
upwelling location (Fig. 1), The stations at the northern upwelling zone
appear close 1o each other on the map (Fiz. 1); however, they represent
tonuam.nz bydiographic and ecological conditions. Statkon T3 is a

coatribute about 71.3 mg € m 2 ! to the downward flux of carbon,
accounting for about 4 % of the net primary production, upruenzing an

efficient mechanizm to deliver and i porate freshly pr i Cto
depth {(St=inbery and Landiy, 2017). Although DVM amplitudes have
been dezcribed for van plankton groups in the Humboldt Current

Syatem (Escobano et al, 2009, Totas and Eacribano, 2020), little is
known about how these migratory behaviogs Internct with feeding
etnuegau to zhape the food web structure. Here, we apply a ztable
pproach to get insights about feedi lez of meso-
moplanl»ron tu.\, allovninz us to infer how diel \emcnl migration in-
ion: ional groups, thereby
regulating dw carbon transfer through the “trophic ladder™ mechanizm,
Stable izotopes of carbon and nitrogen are widely used to investigate
ic dynamics, with 5'°C providing information on primary food
sources and §'*N serving az an indicator of trophic position {Fose, 2002).
However, isotopic signatures can be affected by factors such as species
compozition, autritional condition and food qn:!ny (T.—\ 2006, vrhich
may pli theis intesp. ion in pl 3
To chcamvent this unuwlon, we have dﬁelope\! a novel Trophic
Behavior Index (T‘N) which pw\-hles & trait-based framework that re-
duces reli oni ic signals alone by integrating body size and diel
vertical migration mpumde with trophic position. This approach al-
lows for & more robust lmcrpntmon of tophic structure in 1axonon-
cally di plankton
A h Ji ofthelood web dynamics in the
pelagic ecoxnlem this requibies an lmuunve apwoach considering the
ic and size of the plan) ity along with the
trophic interactions and DVM behaviors. Howeves, the environmental
variability may further modulate these biological traits (Decimn, 2022),
In the Humboldt Current upwelling system, sharp gradients i oxygen
and tempesature with a high-frequency (daily) variability in thels water
column properties (e.2, Aguiire et al, 2021) influence zooplankton
distribution (Escribano et al, 2009, Elau el al, 2010) and migration
patteras (Gilly er al., 2013; Turasi sod Escribano, 2020), thus aifecting
peedntol-prey encounter sates (Roman <1 al, 20191 and potentially
impacting the food web by modifving trophic pathways and reshaping
the relative contribution of functional groups acrozs depth strara. The
magnitude of these ecological responses, however, may be attenuated by
the high phenotypic plasticity of zooplankton (Fredesick et al | 2024),
which allows these organisms to cope with abrupt vertical gradieits in
the abiotic conditions (Childress and Beibel, 1959), raising the question
of whether their trophic organization s primarily Jdriven by

e under

ely shallow site (ca. 1000 m) located over the shelf break, char-

acterized by a shallower and more istense oxygen minimum zone (OMZ)

70°W

Fig. 1. The study area a the upwelling region off porthern Chile, with the two
sampling sttions stuadied durieg the LowpHox Il cruise and ooe sampling sta-
tan at the southemn upwelllng region durieg the S0296/2 crulse. The stxions
were represensed by black dots.
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near the surface and domi | by 1 I jes (Tutasi aml
Eccribano, 2020), In contrast, Station TS iz sunnled further offzhore,
influenced by a much deeper OMZ (150 m:) and hosting a zooplankton
community compozed of larger-sized taxa (Tutasi and Escribano, 2020).
For comparison, Station T39, located in the central-southern upwelling
vegion of Chile, represents an offshore temperate zone with lower pro-
ductivity (Ezcribano und Schneider, 2007),

Both areas were sampled during the | board either
the RY Cabo de Hoinos in 2018 (5( T3 and 51. T5 off Iquique, LowpHox
1l cruise) of the RV Soane in 2023 {St. T39 off Concepcion, So296/2
cruise) (see Fig | ). ln both cruises, the hydrographic data were obtained
by deployment of a Seaburd SBE-9 plus (conductivity, temperature and
depth CTD), equipped with an SBE.43 oxygen sensor and a
SeaTech flucrometer.

ling and prc

=

”, ] 1

plez were coll I at each station dwing the
daylime (G800 to 18:00 Local time ) and nighttime (21:00 1o 0400 b,
local time) In February 2018 and January 2023 at the porthern and
southern region, tespectively, by stratified vestical hauls of a Hvdiobios
Multinet Midi type (0.25 m® opening area and 200 jia meah size) which
collected zooplankton at 5.depth strata acrosz the upper 900 m. These
strata were defined according b the oxygen profile, such that each
could rep fizstinctive oxygen conditions from the highly
oxyvgenated upper layer, covering the nearly anoxic OMZ core, and
below the lower limit of the OMZ. Same strata were sampled at stations
T3 and 75 amdl slighely different depth strata at T39. Details of sampling
can be found in (Supplewsentary Matesial Table 61),

Samples were either divided into 2-halves with a Motoda splitter (T3
and T5) or taken in duplicate by conzecutive Multinet hauls (T39). In the
caze of split samplez, one-half was preserved in a 5 % formalin zolution
buffered with for i Iysis. The other half of the

ple wa:z fract i in four zize classez (200-500, 500-1000,
1000-2000, 2000-5000 pmj and frozen in liquid N for stable isotope
analyses. These € amd N izotope measurements were carried out in
davtime and nighttime samples at stations T3 and 15, but oaly in
aighttime samples at station T39 in the centinl-southem region, Thete
were alzo mizsing measurement: in T3 at 30, 90 and 150 m,

The qund.uﬂve nml qualitative analyzes of zooplankton were car-

nedontbylmng ized images obtained with a Hydzoptic ZooScan
ligital imaging sy ....Thu ethod all I uz to identify 28 taxa
{ ic unitz), Subzamples (1/4 of ples) were d and

digitized at a resclution of 2400 dpi and analyzed by ZooProcess 20ft-
ware (Gorshy et sl 2010). The biomass of each raxon (taxonomic unit)
was estimated using of the equivalent spherical di (ESD
in mm) of each scanned object (individuals), and applying the empirical
equation obtained by Medellin Mora et nl (2019) to compute dry weight
(DW, mg) ax

DW = 343ESD*® (1)

Carbon biomass of individuals was then caleulated by assuming the
carbon content of dry biomass to be 40 % of the dey weight (Gwor anl
Iheda, 1984; Eseribano apd Schseider, 2007), The zooplankton abun-
dnms(ind.m's)mmlnﬂmdtwaiduiug the number of individuals
in each taxonomic unit and standandized by the te i
filtered by the multinet (m>).

The stable isotopes (8C and 6'*N) were determined on approxi-
mately 2 mg of freeze-dried (lyophilized) sample: of each size class. The
analyees were carnied out in the Fish and Stable lsotope Ecology Labo-
ratory of the Universidad de Antofagasta (Chile) and Sexvicio Je Analisis
Instrumental from the University of A. Coruna (Spain). The results were

expressed telative to Vieuna Pee Dec Belemunite {VPDB) md atmosphesic
Nj for §'3C and §'5N, respectively. To minimi | etfects cauzed
by the lipid content, 5'3C selines viase casrecied using the C: N mass

Trogress m Occonography 239 (2033) 103580

ratios according to the empirical equation A8'C = —3,32 4 0.99C: N,
where A§'2C iz the depletion in '>C cauzed by lipids (Post et al.. 20071,

2.3. Data analysiz

The mesozooplankion community was deacribed in terme of abua-
dance and vertical distribution of each taxonomic unit. Those units
representing less than 5 % of total abund were included in a cate
gory named “othens”, To describe the vertical distribution, the abun-
dance:z were first logyp transformed. Among the taxonomic tmnits,
copepoeds were divided in two broad gories: large copepods (COP L
> 1000 ym) and small copepods (COP S < 1000 ym), When possible,
wome copepodds were further identified to the genvs level by the Zoo-
Process software. however, when taxonomic identification was not
passible, individuals were categonized solely based on their size.

The Welighted Mean Depth (WMD) of zooplankton for each taxo-
nomic unit was calculated during both day and night, conzidering the
width of each Jdepth strata (Andeizen, 2004):

WMD = Zini » ¢ x df)/E(ni x &) (2)

where ni iz the abundance (ind m ) of a given taxonomic group, si is the
width (m) of the strata, and di is the mean depth of the strata (m). The
Diel Vertical Migiation amplitude (ADVM) was then calculated az the
Jifference between the weighted mean depth during the day and nighe
for each taxon. Positive values [ndicate nosmal vertical migration (up-
ward migration at night}), while negative valoes indicate inverse vertical
migration, as explained in Tutas aud Escribanoe (2020), Only taxonouic
groups with day and night data per period and a statistically rignificant
sample zize (n > 5) were included ln the analysis. Resldent taxa wilh
very low or null ADVM were also 1d ’axtht b of
fizpl t provides ecologically relevant i This allowed
the TBI to capture the full range of trophic strategies, from migratory
predators to nop-migratory herbivores and ogmivores,

To Jdescribe changes n the zooplankton size structure, we used the
slope and linear 6t of the logarithmic binning with a Lized bi
size spectrum (Muusiques et ol 2012), The size spectrum analysis was
conducted for each station and depth strata by considering fifteen
biomass size classez in the range of 0.03 and 3145 pg C (logp
zooplankton biomazsz, pg C).

For the trophic position (TP) of each size fraction we amumed a
constant trophie fractionation for 5'°N at each tophic step of 3.4 %s,
according 1o Poat (2002), The calculations were as follows:

TP ot pution = I(ﬁuﬂbm - 5“N*)/3.4] +a (35)

where the 815Nsize fraction is the isotopic signature of a particular
zample for each depth strata, the 515Nbaseline is the izotopic value of
the 200-500 i size category in the epipelagic IayveraM the A repre-
sents the TP of the 515Nbaseline. These caleul that the
200-500 pns zooplankton in the epipelagic layer are primarily herbi-
vores (TP = 2), serving as the 815N baseline for latger size lracthm
Hommr.mdeeperhvemthum- gory may exhibit i

ivory in ab of p ynthetically active phy
yielding TP > 2.

The relationship between size, rophic position and diel vertical
migration was then integrated into a Trophic Behavior lndex (TBI). This
parameter integrates station-standardized values of zooplankton size
(ESD) obtalned from the ZooScan fot exch taxonomic unit, the estimated
TP for each size fraction, and ADVM for each taxonomic unit at each
depth strata. The lndex was computed as:

ESD, TP,  DVM,
ESDue TP DVMper

T8l ~« (Q)

where a ks a given taxon, ESD vepresents the mean size of each taxon st a
given depth (b}, TP iz the mean trophic pozition fora ¢ ponding zize-
fraction (¢) and DVM is the amplitude of migration. All p (ESD,
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purposes. Due to the difficultiez in measuring TP for each specific
taxonomic unir, the TP value for the corresponding size-fraction was
used instead, If a value was missing for any of the variables, Jata was
excluded for caleulation of the index.

To associate the variation of TBI with the oceanogiaphic conditions,
we used all sampling coaditions (atations, strata, day and night) and
their corresponding oceanographic condition: for statiztical purposes.
The oceanogiaphic conditions weére represented by mean values of a
given depth stratum. A 1-step stepwise multiple regr was Lied

were ! uzing the ggplot2, cowplot and patchwork
px.lmges(\‘\u:l.bzm 201 1; Pederven, 2019; Wilke et al., 2019).

A Principal Component Analysis (PCA) was pesformed to examine
wmultivariate patterns in environmental variables (temperatore, dis-
solved oxygen am chlorophyil-a) and biclogical rezponses (body size
and trophic position). The PCA wa: conducted using PAST v4.17
(Hamunes et al, 200)) using standardized variables and a correlation-

i

to test the Jdependence of TBI with temperature, dissolved oxygen and
Chlosophyll-a (Chl-n) 'l'L fter, we integ | the oceanographic

iables into a princi| lysiz (PCA) uzsing the cosre.
Iation matrix for 3 compooﬂm The first component (PCL), assumed as
containing most of the variance of environmental conditions, was thus
related to TBI lhxough a linear modd

For a v, the { muni
s size is appxoxmtely 0.2 mm (measured 3z BD). the minimum 114
would be 2 (corresponding to strict herbivory) and the minimum ADVM
would be zero for pon-migrating species. Conversely, maximum meso-
zooplankton sizes may exceed 2 mm, the TP may reach up to 5 for po-
tential top predators, and ADVM can exceed 200 m in highly migratory
taxa, Therefore, according to Eq. (4, the theoretical lower bound of TBI
is approximately 0.4 when all parameters are at their minimum values,
while the upper limit iz 3.0 when all parameters reach up their
maximum.

To classify the zooplankton comununity based on their TBI valves, the
expected full range (0,4-3.0) was divided into four equally spaced in-
tervals (quartiles). The cut-off points correspond to the minimum (0.4)
and maximum (3.0), and zo0 resulting the following groups G4
{0.4-]1.04). G3 (1.5+1.69), G2 (1.70-2.34), and G] (2.35-3}. Therefore,
zooplankton orzanisms were classified into four trophic levels Gi as top
predators (ptimarily carnivores), G2 a3 second level predators (sec-
ondary copsumers), G3 ac modesate predarors (mainly omunivores), and
G4 ao low-level predators (primarily herbivores), The relative abun-
dance of each group was used as an indicator of the food web structure,
reflecting the degree of carnivory under a given condition. A high pro-
portion of G1 + G2 suggests a predator-dominated (camivory-driven)
comumunity, whereas their absence ot low proportion indicates a system
Jdominated by herbivores and omnivores (G3 and G4). Addmomlb a
correlation analysis was lucted to explore the relationships b
the proportion of GJ + G2 groups and phic variables,
including temperature, thlorophyu-a concentration and dissolved oxy-
gen. The relative abundance of G and G2 (top and secondary predators,
respectively) was used as an indicator of the zooplankton food web
structuse, as these groups represent the higher trophic levels within the
coummunity and their dominance may mdu:ale a stronger top-down

l. In G3 (mod inly omuivores) and
G4 (low-level predators, primarily herbworcz and omnivores) constitute
the basal componentz of the food web and are generally expected to
Jominate in abundance, ‘l’hetclom. -n increased proportion of G1 + G2
reflects a shift dap L 1 (t;mvwv-dnun) com-
munity, wh
by herbi and

All statiztical analyses and visualizations were conducted inR v 4.3.2
(Team awl B €, 2025), except for the student r-test, which was pet-
formed in Microsoft Excel. Geperal linear models and ANOVA: were
applied using functions from the stats package to evaluate the effects of
depth and station on abund , zize fractions and trophic indicators,
Model ptions of lity and h | ity were tested twith
the Shapiro-Wilk test and Levene's tests, respectively, the latter using
the car package (Fox and Weliberg, 2019), Post boc compatisons
(Tukey's HSD) were conducted with the agricolae package (Je Menili
bury & Je Mendibury, 2019). Size spectrum analyses were performed
uzing zize Spect:a package (Edwards et al 2017). Graphical

based ordination. The variablesz contributing most to the observed gra-

dients were identifiedd and interpreted to assess relationships among
1ons amd depth strata,

3. Results

3.1, Occanographic conditions

At the potthern upwelling region (stations T3 and T5), the thermo-
cline was located within the upper 40 m, showing strong Jdifferences
between the two in the salinity (Fiz 2). Station T3 displayed a
more mixed layer within the upper 20 m compared to Station T5, with
salinity values of 1 34,0 decreasing gradually with depth down to
30 m and increasing below 90 m. Conveszely, TS showed higher salinity
values (35.2) in the upper 20 m and a clear halocline between 20-40
m It is notewoarthy that the oxycline in T3 was shallower than in T5,
with oxygen depletion occurring between the first 90 m in both cases.
The subsurface peak of Chl-a was alzo shallower in the thinner euphotic
zone from T3 (Fis. 2),

Station T39 (in the southern region) showed a mote mixed water
column, with colder conditions (<14 °C) and a lower salinity in the
upper laver, A near-surface (—45 m) chlosophyll-a peak exceeding 4 mg
m 3mh:idalwﬂhlhednmochm.duoxrcﬂneand the presence of
higher-zalinity waters azsociated with the Equatorial Subszusface Water
mass, reflecting the influence of upwelling in this region, although with
lowes intensity compared to the northern stations, The OMZ core was
identified between 100 m and 300 m, with oxygen concentrations
increasing again at g depths to get relatively stable below 600 m
(Fig. 2).

3.2; Taxonomic assemblages

The identified taxonomic units, their mean abundance and their
mean size are summarized in Table 52 for each station, Zooplankton
abundance showed significant Jifferences between stations (one-way
ANOVA, p < 0.001), although the depth effects varied with the station
(Fig. #)(Table £1), The Tukey post hoc test revealed significant differ-
ences for the station factor, only the T5-T3 P Thesze 1
emphasize the effect of spatial vasiability on zooplankton abundance
actoss a b | scale of approxi dy 50 k. For the depth stiats
factor, we could identify particularly difference between the oxvgenated
surface waters (0~30 m and 0-100 m in the northern and southem up-
welling regions, respectively) and the upper laver of their respective
OMZ (90-150 m and 100-200 m in the northem and southern upwelling
regions, recpectively). There were also Jifferences in the abundances
between the two upwelling regions when comparing strata with similar
dizzolved oxygen condition: (e.g. between the 90-150 m and 100-200 m
from the northern and southern upwelling region, respectively). How-

ver, the one-way ANOVA test did not show significant differences in the
plankton abundances b day and night conditions when
separated by stations (Table 53)

3.3, Diel wertical migration

Migration amplitudes were larger in suuom TS5 and T39 compared
with T3 (Fig. 4) with Corycacus, , Oncaca, lids, f
nifera anl chaetognaths having the lum amplitude of migxmon
(ADVM: > 200 m), However, organiams with low amplitede of
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Fig. 2. Vertical profiles of temperanue (T, “C), salinity, chloropliyll-a (Chi-a, my ™), and dissolved oxygen (DO, pmol Kg~'), I stations T3 and TS af the northern
upwelling region (February 2018), and smtlon T39 ar the southerm mwgion of Chille (January 2023).

Night

Taxa

. Acartia sp.
Apendicularia
Calanus sp

[l Corercda (large)

o

[l Copepcda (smai)

W cuonausidae
Eggs (Sardine / Anchovy)
Oithona sp

. Oncaea sp.

. Others

d

g

o

5

10

-
(5]

Abundance (log, ind m™ + 1)

Fig. 3. Zooplankion abundance found at the nocthern cpwelling reglon (Stations 73 and T5) and the southern reglon (sation T39) during the daytime (left column)
and nightime (right column), Taxa represent major groups (1axcaomic units) Identified by ZooScan analysis.

migration: (ADVM: < 50 m) were identified acrosz all three stations,
including Calanus and zmall copepods. In the caze of Oitone, large co-
pep ansd ziphonopl chowed low migmation too in at Jeast two

statioas, Notably, zome taxa such az Acarnic did not exhibir vertical
migration ar the T3

3.4, Sise spectra

The szize spectra (Fie 5) showed that Station T39 had a biomass

distrtbution in the size range of 2 x 10 Y1017 {ug €) on the surface
which iz smaller than the size range found in the northem regioa (> 2 ug
C in the surface strata of TS and T5).

In all zsituations, the size spectra of the upper layer exhibited a more
uniform Jiscribution and Jdisplayed larger size classes. The slopes
became conzistently more negative with water depth, indicating a
greater dominance of the smaller size classes ar Jdepth (Fiz 51 There
were no wmtatistical Jifferences i the slopes between Jay and night
{paitwize Student ttest, p > 0.05). Significant differences, however,
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Fig. 4. Amplitade of zooplankton diel vertical migration at the three study sites. Dots indicate the weighted mean depth (WMD) during the day (orange) and night
(blue), while the vertical arrows represent the differsnces o WMD, Le. the migration ansplinade, Taxa names are provided in Table $2.

were found between stations TS and T39 (Student rtest, p = 0.01) and
between the upper oxvgenated layer (0-30 m and 0-100 m in the
northem and the southern regions, respectively) amd the upper OMZ
{90150 m and 100-200 m in the northern and the southern regions,
respectively) (see Table 53),

3.5. Stable ksotope compontion and trophic potition of sooplankeon

Although no strong vertical trend was obsesved in the carbon amd
itcogen stable isotope compositi aaumlnmaumﬁ"Nwhh\k?m
was evident (teaching maximum valves of — 19.4 %e at TS), whils § Ac
generally decreased with depth (Fiz. 0), Overall, isotopic values at sta-
tion TS showed greater vatability compared to the other stations,
whereas §°3C values at T39 were ly lower ¢ i to
those found in the northern region.

Nitrogen isotopes varied significantly between stations aml depth in
both tegions (one-way ANOVA, Table 55), In the northern region, §'°N
values differed between the surface (30-0 m) and mid-depth layers
(150-90 m) compared to the deeper strata (200-400 m), while in the
southern region the upper layer (0-100 m) was significandy different
from all other stata (Table 55 and Fig. 0), No significant Jdiffevences in
5'*N were detected among size cl at station T3 (Student t-test test,
p > 0.05), whereas 8°C dJiffered between the 200-500 pan and
500-1000 pum tize categosies (p < 0,05). Ar station TS, significant Jif-
ferences in both izotope signatures were found between the 200-500 jun
size fraction and all other size finctions (p < 0.05), while station T39
showed a pattern similar to station T3, with statistically indistinguish
able 5'5N values (p = 0.05) but significant 6'°C differences between the
200-500 yen and 500-1000 yun fractions (p < 0.05),

Trophic position (TP) estimater ranged from 1.8 to 4, indicating a
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wide range of feeding modes, from herbivores (TP = 2 to carnivores (TP
= 3-4). During the daytime, TP values tended to increase with Jdepth,
pasticularly at TS, whete organisms from Jeeper strata (400-150 m,
B00-300 m) reached TP values up to 4 (see Table 1), At night, TP values
Inereased in swface waters compared to daytime, suggesting trophic
shifts associated with diel vestical migrations, In contrase, stations T3
and T39 exhibited less p d vertical variation, with only a slight
TP increase in Jeeper layers, It is important to note, however, that no
nighttime izotop weze ob ’axﬁbdow%mduem
logistical ¢ ints during ling. C: ly, zome depth com.
pulaons. especially in dccpex Lnyen. rely exdush'dv on daytime Jata
This ki son should be i when interp g vertical g

also significantly corvelated to TBL The correlations between TBI and
temperature and PCI and illustrated in Fig 55

The taxa ascociated with the classification of the 4 trophic functional
groups present at each sampling stations are shown in Vig. 7. For
instance, G4 present at both northern (T3 and T5) and southern area
(T39) included Acarria, appendicularians, foraminiferans, ulull and

mid-zize copepouds {e.g., Oithona and Cal ), some ch 71 5i-
honoph and large copepods. At the | station (T3), bry
nnall sized copepods (e.g., Oncaca), decapod lasvae, euphausiids, and

or i (ch

b gnaths, salps, hiyd and siph
pboxn) were Jominant in G3, Small copepo.h {Qithona, and Onmcn)

althoagh atatistical analyzes (ANOVA, Table 55) were cendncml sepa.
rately for day and night samples to minimize potential biases.

3.6, The trophic behavior index and ervirorumental variabilicy

The TBI, estimated acconding 1o Eq. 14) (see Methods), ronged from
0.5 to 2.4 across all samples, with each value corresponding to a specific
taxonomic unit at a given station and depth ztzata. A total of 17 taxa
were evaluated at station T3, 10 at TS5, and 12 at T39 (Fig. /), Mean TBI
values, pooled by station and depth, revealed consistent patterns in the
vertical distzibution of zooplankton, with a general trend of increasing
T8I values with depth (Fiz. 50).

To assesz potential influences of environmental variables (tempesa-
ture, dissolved oxygen and Chl-a) oo TBL, a stepwise {1-5tep) multipl
regression was first applied, This regression revealed thar only temper-
ature had a significant correlation to TBI (Tuble 57). Since the inde-
pendent variables were suonzly coﬂelmeol to each other (Faxme > 7.1, p
< 0.01), a princj (PCA) waz conducted to syn-
thetize environmental eﬁ'«u ona dngle axis (Fig. 58), Thereafter, the
first component (PC1) was contrasted and tested against TBE PCI waz

were p at both the northern (T3 and T5) and the southern station
(T39), while annelids and ostracodz were found at TS and T39 in the
same wophic¢ group (G3). In group G3, Calanus, Rincalanus, nauplii and
large copepod: were predominant at Station T39. Ia group G2, forami-
tifera and chaetognaths were found at Station T39, Corycacus at T5, and
anncl:ds at T3, Group G1 was not represented at any station when
Jering 1 TBI values (Fip. 7} however, some taxa clazsified
asOlweufounnlat“ tion T39 when idered individually,

The vertical distribution of the relative abundance of the four trophic
functional groups actoss the three stations ks shown in Fis 0, The
pr of top predators (G1) was particularly notable at station T39,
where they accounted for 4 % of the community below the OMZ, in the
deeper layer (400-600 m), Second-level predators (G2) showed their
highest relative abundances at T3 {38 and 46 %) within the OMZ (3090
m and 90-150 m), and in the deep laver (400-800 m) at TS (43 %), In
contrast, G2 was less abundant throughout the water columa at T39
(1-7 %), with values ranging from | % to 7 % Moderate predators (G3)
and low.level predatorz (G4) d. { at both northern stationz (T3
and T5) and at tbe southern station (T39), with G4 dnplaylng a deueou-
in relative abundance with depth. At T39, G4
the water column.

A
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which only nlghrt were bl

s

To compare the food web stucture and its relationship with the
environmental conditions, the proportion of predator levels 1 and 2 (1. €.

capnured within owr sampling scheme,

4. Di

strict camivores) (G1 + G2) with respect to the entire ¢ ¥
(¥ig 9} was calculated and azzociated with oceanographic conditions.
Percentage values above 10 % would be Linlicative of lncreased preda-
tory behavior within the ity. Although carnivorous zooplankton
typically represent a minosr fraction of the community in upwelling
ecosvstems, values exceeding this threshold could potentially indicate
an Uy high p of predators, which can exert significant top-
down control, The proportion of Gl + G2 (carnivorous predators)
revealed three distinct patterns: (i) an increase in abundance at night
associated with vertical migration. as obzerved at station TS in the upper
limit of the OMZ (90-30 m) (Fix. 9); (i) a higher proportion of these
strong predators near the core of the OMZ (30-150 m), as seen at station
T3; and (iki) a more uniform Jistribution of G1 and G2 throughout the
water column, with a slight increase in abundance with Jdepth, as
obzerved in station T39. Additionally, an abrupt increase in G + G2
abundance ln the deep layer (400-800 m) Jurlng the Jday at T5 may
reflect a diumal ascent of carmivorez from deeper layers, not fully

4.1. Envirommental changes and community structure

The distinct cceanographic zettings obzerved at the three sampled
stations highlighted the strongly variable conditions of the upwelling
zone when cump:lnnv coastal vs offshore stations and northern vs
gh both northern stations (T3 and T5) zhared
fOme Common <ondnionz. such as a marked thermocline, and a sharp
oxycline caused by the shallow OMZ, the vestical distribution of these
variables changed markedly in depth. By coatrast, the southern tegion
(T39) was cleasly different from T3 and T5, both in the magnitude of the
oceanographic variables as well as in the vertical structure characterized
by a much more mixed water columa and weaker thermocline (also
oxycline). Theze gradients were associated with diztinct vertical strati-
fication (2ovation) in zooplankton abundance, particularly berween the
surface oxygenated layers and the upper boundariez of the OMZ in the

+h b
L3 A
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Trophic position (TP} of 2coplankton across different size fractions (um) arwd depth strata (m) at three sanpling stations (T3, T5 and T39) in the southexstern Pacific

Ocean. nd, indicates po data available for that category.

Tuue Stagoa Depeh suaca (m)

Size fractico ()

pay ™ 30-0
90-30
150-90
200-150
500400

™ 0.0

90.30
150-90
400-150
800400

Night ™ 30.0
90.30
150-90
200-150
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15090
400-150

200-100
400 200
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northem region. In contrase, the southemn statioa (T39) with a more
homogeneous water column with Jdeeper oxyeen Jepletion, possbly
contributed to a relatively unlioxm vertical dbtnbuuon of taxa. These
tonlxastmg comhmn: may i the mposition of the
v; for le, a d in the pland
and bi with depth was likely cauzed by the oxygen
Jdepletion in the OMZ, which is known to limit the vertical distribution
and migration of soaie pecier (Excuibane et al, 2009, Tutan aod
Escribane, 2020), Regarding conununity size structure, the biomass size
led a shift in ity structure with depth, where lasger
s&zg classes wele mole abandant in the surface layers and smaller or-
i lomi 1g the deeper strata judging by a steeper tlope. This
pamm was rondmm across the stations, suggesting a size-selective
structuring of the water column. The szignificant differences in zize
spectra between stations T5 and T39 mav further underscore the influ-
ence of local environmental conditions on community composition (size
structure).

Lo
el

4.2. DVM behavior and sise dependence

The observed diel vertical migration pattern: in our study highlight
the comyle:my and muu lpecxﬁt natuzre of this behavior across
different eavi g5 Migration amplitude: were notably
higher |n stations T5 and T39, where environmental starification was

weaker and the oxycline deeper than at T3, possibly allowing
beoader vertical mov In lon T3 exhubited reduced
DVM amplitudes, likely c i by a =hall and more intense

OMZ, and stronger salinity and temperature stiatification. These phys-
ical and chemical gradients can act as vertical ecological barriers,
selectively filtering migratory capacity based on the species’ physio-
logical tolerance to hypoxia and energy availability [Donoso and
Excribano, 2014

Body size emerged as a significant, although nor exclusive factor

energy reserves, lower surface-to-volume ratios, and often moce efficient
anaerobic mietabolisms (Elau ot al, 2010 Wishuer ef al, 2018),
Nevestheless, it should be noted that, although some taxa classified as
strong migrators exhibited high TBI values due to their large size and
active DVM behavior, their contribution to total abundance was low
(<5%), indicating a limited infl on the Il ity struc-
ture. Our results also revealed substantinl DVM in relatively small toxa
such as Corycecuz, Oncace and Acartia, suggesting that factors such as
life history tes and pred; avoid also play critical coles in

shaping DVM (Gilly et al, 2013; Frederick et al., 2024), Ecologically,
DVM has far-reaching consequences. It not only structures preda-
tor-prey i i by altering the spatial ovetlap between trophic
levels but :lmconnibutts to the Mologkal catbon pup through active
to depth (Pinti, ¢ al., 20]19; Steinberg and
L.mdn u) /). Although our results indicate that many taxa exhibit
DVM, several species appeared to be largely resident, showing minimal
or pegligible vertical displacement. This pattern ks consistent with pre-
vious findings in the northern Chilean upwelling system, where abun.
dant copepod speciez such as Peracalanus indicus, Calanus chilensis and
some cyclopoids were reported to remain restricted to the vpper
oxygenated layers without performing substantial DVM, likely con-
strained by the shallow osyeline (Escibino ef ul, 2009), Similarly,
deeper layers may harbor specier adapted to hypoxic conditions that
remain resident withia or near the OMZ. Acknowledging the presence of
these non-migratory communities is important, as their vertical stability
also plays a key role in structuring trophic interactions and carbon

cycling within the upwelling system.
Ovezall, there iz a clear need to consicler both zize and species
identity when evaluating the ecological imp of DVM, While body

size is 2 useful wowfomugmwycamlty. it does not fully explain the
variability observed. A more nuanced understanding, incorporating
traits such as metabolism, feeding ,,am!. ical distribution of
pmnndpmhlonuenennnlfw deling zcoplank

influencing DVM behavior. Lacrger zooplankton taxa, such as chaet

enaths, anpelids, and large copepods, exhibited the greatest migration
amplitudes, often spanning > 200 m and eventually intruding the OMZ
cove (ca. 250 m). This is consistent with priot observations that larger
ocganiams can better withstand low oxygen levels due to their higher

Jiated p in upwelling ecosystems,

This size-dependent DVM behavior is the result of physiological and
behavioral adaptati with small o:sanhm o(len having uhﬂuem
ecological zoles and pred, i pased to the
larger ones (R.uwckbnv 2010). The size of mophn.kmn thus play= a
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Fig. 7. Trophic Behavior Index (T8I} of 2ocplankton in the upwelling zones off nordrn and southern Chile, TBI are mean values and standard Jeviation (SD) of
pooled dara from ditferens depth suata. Each taxonomic unlt s shown along the x-xxls. Acronyms for the taxonomic groups are decalied In Table $2. G1 1o G4 define
four tophle functional groups according 1o TRI values ranged walformly In quartile values trom the entire expected TBI range.

crucial role in Jetermining their migration pattemns, highlighting the
importance of understamling size \mmuons within these communities.
Furthe: there aze . changes in DVM p within
species, For instance, smali-bodied juvenile zooplankton, such os
copepod nauplil. Jo not exhibit the same migratory behaviors as thei
larger adult counterparts (Escribano et al. 2009)

4.5. Isotopic composition and trophic position

The isotopi position also pointed out the Jdifferential distribu-
tion of trophic functional groups across the water column. The differ-
ences related to size froctions and DVM between stations were mainly
attributed to the number of taxa that exhubited high DVM, while most
taxa presented an averaged DVM of ~40 m in station T3 (Vg 4), with
minimal differences in the 5N and 8'3C values between depth layers
(Fig. 6). However, the conununity composition was moce Jiverze in
other atationz (Table 52), genesally when exhibiting more extensive

amplitude of DVM (mean « 106.3 m) and higher variability in the izo-
topic signatures. Differences between the strata could be mostly atwib-
uted 1o composition and size structure variations, leading to Jistinet
5'°N and 8'°C values. For instance, the noticeably high 8'°C and low
8'5N values obsetved ln the smalles size fraction in the upper layers of
station TS likely reflect a greater contribution of herbivorous suspenzion
feedess, such az f inifera and preropods, which are typically asso-
ciated with phytoplankton-based diets and, in maay species, poisess
carboaate akeletons (Tadls 52).

The 55N increase with depth suggests a shift in the feeding behavior
across the water column, as also reported by Hannldes «t al 12013 for
zooplankton in the oligotrophic North Pacific Subtropical Gyre at station
A.I.OHA Uzing compound-specific amino acid analysis, these authors

| that this enrich sesulted from both an increase in
trophic position (up to 0.6 TP-units) and a 15y enrichment at the base of
the food web. Although our study is bazed on bulk izotope analysiz, the
observed depth-telated increase in 8'>N in our samplez could alzo reflect
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depeh strata and day (orange) asl nighr (blue) conditions. Funcrional groupe defined as shown in Fig

a combination of these processes, with Jdeeper zooplankton feeding ar
higher tzophic level: and on food rezource: that are progreszively
enriched in "N through degradation and microbial reworking
Furthetmore, the increased 8'™N values may also be accompanied by a
variation ln the lsotopic signature of the source pltrogen resulting from
denpitrification processes (Dalsza 1, The higher TP2 found
in the northern upwelling zone (TP > 3) compared to the southermn re-
gion (with TP values between 2 and 2.9) lndicates the dominance of
camivores within the zooplankton community from the northern region
than (o the southern upwelling region, where the zooplankton was pel-
marily omoivore. In upwelling ecosystems, NO3 is typecally the mnin
source of new nitrogen and, therefore, changes In the 8'°N of the N-
species (e.g. polypeptides) sustnining the foos] web s expected 1o be
negligible, and thus the increased &'5N valuez may be rather explained
by trophic shifts. Understanding the finer-scale and time-integrared ef-
fects of upwelling iz, howeves, essential for grasplog the lengthening of
coastal planktonic food webs. Using 85N measurements in aminio acids,
Gacin-Seoane ot | found that in the NW lbesian Peninsula,
microbial conttibutions to the food web decreased lnearly with up-
welling strength, indicating that microbial and metazoan food webs
reach optimal coupling at low to moderate upwelling intensities. This
sugeests a thottening of food webs in more productive ecosystems, with

increased complexity when coasidering microbial trophic steps. Simi-
larly, Fernandez Urnuze 1% observed that, under mezotio
phic or post-bloom conditions in the Southeast Pacific, zooplankton
were predominantly omnivorous to carnivorous, aml the microbial foed
web plaved a particulasly important role in the enerey transfer to latger
zooplankton ( > 1000 pm ). These findings challenge the classical oceanic
foed web paradigm that traditionally considers highly productive en-
vitomments dominsated by large phvtoplankton cells and stress the
importance of predation on protozoa in sustaining oceanic food webs at
(ntesmediate productivities (Decina, 2022), However, In the abzence of
specific messurements of the microbial (or protozoan) contribution to
the zooplankton diet the use of bulk 81N isotophe signatures, in com-
bination with body size and DVM, allows for an integrated description of
the trophic interactions and enetzy flow through the water column

da ot al, 121

4.4, Integrating DVM, body sive, and rropkic position into a trophic
bohavior index

The integration of bosly size, DVM amplitude, and TP into a unified
Trophic Behavior Index allowed uz to move beyond taxonomic rezole
tion and assezz the functional structure of the mesozooplankton com
munity acrosa different upwelling regimes. This trait-based approach
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proved effective 1o capturing the ecological strategies of Jdominant taxa
and their contribution to vertical and horizontal trophic organization
Under this approach, a key finding is the encountered correlation be-
tween TBI and eovironmental variability, either with the principal
component PCl, or with temperature. However, these correlations,
although statistically significant, only explain a very low fraction of TBI
variability {¥iz. 59). Furthermore, az TBI depends on size, DVM and
trophic podition, a negative correlation with temperature can be ex-
pected since small aninaals with limited DVM are mostly herbivorez (ie.,
with low TP) and tend to prevail in the upper layer with warm condi-
tions. Variation of T8l across stations (ie., among contrasting concli-
tion:) can thuz occur independently from changes in temperature,
oxygen and Chl.a. This interpretation is also supported by the absence of
significant corvelation between TBI and oxygen. It has frequently been
suggestad that the oxygen gradient can limit DVM i the upwelling zone
') and in that case low-oxygen condi
tions, such as in shallow strata of station T3, are expected to strongly
prevent zooplankton DVM. While zooplankton biomass is clozely linked
to primary production (Herna 1), the low cotrela
tion of TBI with Chl.a suggests that availability of the primary food
souices iz not the only factor affecting migration pattern: and the

Tutazi 7 crhano, 200

(e.g

mdez-Leon et al,, 202(

structure of the food web within the zooplankton community. It should
be noted that TBI value may represent different taxonomic wunits {or
taxa) at variable locations, although they might indeed correzpond to
distinct species which cannot be properly resolved by ZooScan analysis

4.5. TBi as a community descriptor

Our arbitrary classification into four ophic functional groups (G1 to
G4) bazed on TBI revealed ecologically meaningful patterns. Groups G
and G2, representing level | and 2 predators (mostly camivores), were
associated with deeper Lavers and with nightrime samples, where active
migratosrs were more abundant (.2, station T5), In contrast, G4 taxa,
composed mainly of small suspension feeders, Jominated surface waters

Progress m Ocoamegraphy 279 (20257 103580

ntermedinte group (G3) was the moat broadly distributed, poteatially
serving as a trophic link between producers and higher-fevel consumers
These patterns can be furthes illustratesd by the trophic functional
compozsition a1 eoch station (Viz 10) which thows the relative abun-
dance of each trophic group (G1 to G4) across Jifferent oceanographic
zones — Subtropical Coastal, Subtropical Offshore in the northem re-
gion, and temperate conditions at the Coastal Transition Zope (CT2) in
the southern region. Distinet community structutes were obsesved: n-
termediate and primasy conzumess (G3 | G4) prevailed across all zones,
while predator-dominated groups (Gl 4 G2) were relatively more
abupdant (=10 %) io the offthore and CTZ zoaez. Notably, the latter was
the only zone where Gi taxa were prezent.
Ecologically, the thifts in trophic compozition, ac those shown in
), can have important implications. Predator-rich communities
(high G1 « G2), characterized by strong migrators, may enhance ver-
tical carbon flux through active transport, while G4-dominated systems
may likely promote retention of freshly produced organic C near the
surface. Moreover, a minos presence of G4 taxa in station T39 suggests a
more heterotrophic food web structuze upon low abundance of primary
consumess (excluzively herbivores), Therefore, by synthesizing three
key biclogical attributes into a zingle metric, TBI can offer a valuable
tool to assess the trophic structutes and their consequent ecological
umplications in the strongly heterogeneour and dynamic upwelling zone
inhabited by a taxonomically complex zooplankton community. In this
contest, TBI may thus be considered an ecological indicator and a
community descriptor with fusdamental biological bases, For instance,
orgapisms’ rize has long been tecognized as one of the fundamental
properties of biological communities regarding trophic ecology and the
energy flow in any ecosystem (Peters, 1983 Dy 2). Diel vertical
migration, on the other hand, is known to be closely related to prey-
predator relationships {Kelly et al i and Es 020),
whereas 8*°N from bulk stable isotopic analyses has long been wsesl to
s3ess (u)phu‘ roles of uulmdu\l components within the food webs (e.2,,
Poat, 2002; Maszing et al 2). These combined ecological attributes

clasn, 20,

2019, Tuta ribnno, 2

and were more prevalent in stratified, oxygenated zones, The can thws pmwdr a cmmble index to distinguish functional groups
Subtropscal Subtropical
Temperate CT.
coastal offshore oy z
100
]
& 75
§
(]
$ 50
-
3
@
o
25
0
LK} T5 T39
Fig. 10. Trophic functional composition of the Lk ity across different oc hic zooex Subtropical Coastal, Subtropical Offshore, Temperate

Coxstal Tramsition Zone (CT2) in the upwelling mne of L!u- southeast Pacific (Chile). The woyanon of each tophic functional group (GI: Top predators, G2

Predazors second level, G3: Moderase predarors, G4 Low-leved predarors) is shown to |

graphic conditions.

the spatial pa I food web sracture upon Eifersnt oceano-
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(bevond species), in terms of predation intemity, from zooplankton

qualified as low-predators to strong-predators in Jifferent plankton
communities conformesd by a wide variety of consumers.

5. Conclusions

Vanability i s liti in the upwelling zone in-
fluences zooplankton communkv composition through Jifferential ve-
sponses to temperature, dissolved oxvgen levels and water column
suatification. However, our findings susgest that the trophi of

Pregress i Oceavagraphy 239 (2023) 103350
Appendix A, Supplementary material

Supplementary data to this article can be found online at hirrps
ofg/ 101010/ pocean 3025 1 63530,

oy

Data availability

Data will be made available on request.

Refe

woplankton assemblages is primazily shaped by key ecological artri-
butes of functional groups, including body size, diel vertical migration
behavior and trophic position. These traits can be effectively integrated
into the Trophic Behavios Index (TBI), which haz been demonstrated to
serve a5 a robust ecological indicator of zooplankton food web stiucture
huspwe!lhg ¥ TBI thus provid auxi:-based framework for
acroms ing env 1 conditions,
as it a«ouma no( only for the occutrence of specific functional groups
but also for their relative contributions to community organization, of-
fering a more integrative perspective than single-trait approaches.

6, Data availability

Oceanographic and data on planktoa abund and isotop
composition of Carbon and Nitrogen are available at public repository
Zenodo: hrtpe:/ /doi.osg/ 10.526) /zenado. | B3S7049,
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4.2 Capitulo 2: “Procesos biologicos y fisicos que controlan el flujo de
carbono mediado por el zooplancton y el micronecton en el sistema de
surgencia frente al centro-sur de Chile”

Articulo cientifico enviado para publicacion en la revista “Deep sea research

Part I”. FECHA

Resumen

El flujo de carbono organico representa un componente esencial de la
bomba bioldgica del océano y puede intensificarse mediante el transporte activo
asociado a la migracion vertical diaria (DVM) del zooplancton y los peces. En
los sistemas de surgencia costera, la mayor parte de la produccion biologica
ocurre en aguas someras, donde los procesos fisicos y bioldgicos interactiian
promoviendo el transporte de carbono hacia las capas profundas. En este estudio
se analizan las interacciones troficas del zooplancton y el micronecton, sus
patrones de DVM vy el efecto de la surgencia que favorece el transporte costa-
océano de biomasa planctonica, contribuyendo conjuntamente al transporte
activo de carbono hacia aguas profundas en la zona de surgencia del centro-sur
de Chile durante el verano austral de 2023.

Se obtuvieron muestras estratificadas en profundidad de zooplancton y
micronecton bajo condiciones diurnas y nocturnas mediante los sistemas
Multinet y MOCNESS-10, junto con mediciones hidrograficas. Los datos
satelitales se emplearon para estimar el transporte de Ekman y la produccion
primaria neta (PPN). Durante eventos de surgencia activa, el transporte de
Ekman podria movilizar aproximadamente 1.4 g C m-* d-' de biomasa de
mesozooplancton dentro de la capa superficial. Adicionalmente, se analizaron
las composiciones isotdpicas de carbono y nitrégeno, incluyendo los isotopos

de nitrogeno en aminodacidos, en cuatro clases de tamafio, para identificar la
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fuente biogeoquimica y evaluar las posiciones troficas a lo largo del gradiente
costa-océano. La baja variabilidad en los valores de 6*C y &'°N-fenilalanina
indico una fuente biogeoquimica comun derivada de la produccion costera. Las
posiciones troficas tendieron a aumentar hacia zonas oceanicas, identificando
zooplancton herbivoro, asi como zooplancton y micronecton carnivoros.

El transporte activo de carbono estimado en cinco estratos de profundidad
hasta los 1000 m mostrd un incremento a profundidades intermedias en la zona
oceanica, con un promedio de 38.3 mg C m-? d-', lo que representa el 2.7% de
la PPN oceénica y el 2.1% de la PPN costera. Los resultados indican que la
adveccion costa-océano, combinada con las interacciones troficas y la
migracion vertical, constituye un mecanismo eficiente que potencia el flujo
descendente de carbono hacia aguas profundas, fortaleciendo la conexion entre
la productividad superficial y los procesos de secuestro de carbono en el océano

profundo.
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Key Points:
e Cross-shelf transport of zooplankton biomass produced in the upwelling zone can
fuel the offshore deep-water ecosystem.
e Vertical migration and trophic interactions among zooplankton and micronekton

promote the downward flux of C originating in the upwelling zone.

41



Abstract

The downward flux of organic carbon is crucial in the ocean, and it can be promoted by
active transport mediated by diel vertical migration (DVM) of zooplankton and fishes. In
upwelling systems, most biological production occurs inshore, where physical and
biological processes interact to promote C transport to depth. Here, we assess the trophic
interactions of zooplankton and micronekton, their DVM behaviors, and the effect of
upwelling circulation favoring inshore-offshore transport of zooplankton biomass, together
promoting active C flux to deep waters in central-southern Chile during the Austral summer
2023. Depth-stratified zooplankton and micronekton samples under day-night conditions
were collected with multinet and MOCNESS-10 systems, along with hydrographic
measurements. Satellite data were used to estimate daily Ekman advection and net primary
production (NPP). Ekman transport during active upwelling advected about 1.4 g C m= d
of mesozooplankton biomass within the Ekman layer. We also analyzed carbon and
nitrogen isotope composition, including nitrogen isotopes in amino acids, in four size
classes of zooplankton to trace elemental sources and assess their trophic positions. Low
variability in phenylalanine 8'°N and 6"*C indicated a single elemental source from the
upwelling region. Trophic positions increased offshore from herbivory to carnivory. Active
C transport across five depth layers to 1000 m increased at mid-depth in the offshore,
averaging 38.3 mg C m™> d’, representing 2.7% of offshore and 2.1% of inshore NPP. We
conclude that cross-shelf advection combined with trophic interactions and DVM

efficiently promotes C flux to deep waters.

Plain Language Summary

In the ocean off central-southern Chile, small drifting organism called zooplankton and
mid-water fishes known as micronekton move up and down between surface waters that
have plenty of oxygen and deeper layers with very little oxygen. As these migrate and as
water flows from the productive coast out to the open ocean, carbon from the surface is
carried down into the deep sea. We found that larger organisms higher up the food web,
such as predators, are the main contributors to this active transport of carbon.
Understanding how coastal productivity, organism movement, and water circulation work
together to move carbon into the deep ocean is important because it helps us learn how the

ocean stores carbon, especially as the climate changes.
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1 Introduction

Pelagic organisms have a critical role in the downward flux of organic matter
affecting ecological processes involved in the function of the biological carbon pump and
its contribution to carbon sequestration to the deep ocean (Cook et al., 2023; Davison et al.,
2013; Steinberg & Landry, 2017). As widely recognized, the biological carbon pump and
the factors influencing its efficiency are key issues for assessing the global carbon budget
upon ongoing climate variability (Siegel et al., 2023; Wang et al., 2023).

An important pathway for carbon sequestration to deep waters involves the dual
contribution of pelagic organisms to both passive and active C fluxes. Among these,
zooplankton and micronekton are recognized as key biological components, not only due to
their production of fast-sinking fecal pellets, but also through their diel vertical migration
(DVM) by which they can release organic C at depth through respiration, excretion, and
mortality after feeding in the productive photic zone and then migrating downward (Ariza
et al., 2015; Hidaka et al., 2001; Kwong et al., 2020). Although DVM is a behavioral
response to the predator-prey dynamics (Ringelberg, 2010) its implications for carbon
export are increasingly recognized, particularly in highly productive upwelling zones with
oxygen minimum zones (OMZs), where migrant organisms often descend through or stay
within the hypoxic layers (Kiko & Hauss, 2019; Massing et al., 2022; Tutasi & Escribano,
2020).

In coastal upwelling zones, strong gradients in oxygen and temperature may favor
the C export and retention at depth. These gradients not only occur in the vertical axis, but
also horizontally over the cross-shelf dimension (Escribano & Schneider, 2007). When
coupled with physical forcing such as advection and convection processes, these gradients
promote both vertical and lateral transport of organic matter produced in the upwelling
zone, thereby fueling the deep ocean ecosystem with organic C (Flores et al., 2023;
Gonzélez et al., 2023). While such environmental gradients are commonly associated with
changes in the zooplankton and micronekton communities, both vertically and horizontally,
it is also essential to consider the trophic behavior of these organisms which can vary
independently from the environmental gradients. For instance, omnivorous taxa tend to

dominate surface layers, whereas deeper strata are often inhabited by more carnivorous
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species (Fernandez-Urruzola et al., 2023; Hannides et al., 2013; Hernandez-Le6n et al.,
2019; Massing et al., 2022). These trophic shifts are not only a consequence of community
diversity, but they also reflect evolved behavioral strategies such as dietary flexibility or
vertical migration, both influencing the efficiency of carbon transfer through the water
column.

Understanding the trophic behavior of the community is a necessary step to
evaluate its functional role in vertical and lateral carbon export. The variety of trophic
behaviors is not only reflected in the community composition, but also in the isotopic
signatures of the species. In particular, the nitrogen stable isotope composition (6'°N) of the
bulk biomass of zooplankton usually increases with depth due to a trophic enrichment and a
more reworked sinking organic matter (Bode & Hernandez-Leon, 2018; Garcia-Seoane et
al., 2023; Koppelmann et al., 2003). However, ecological inferences based on bulk 6'*N
values require concurrent analyses of the isotopic signatures of both prey and consumers
and are additionally influenced by artifacts arising from temporal decoupling between their
isotopic baselines due to differences in turnover rates, growth, and life cycles. To
overcome these issues, the compound-specific isotope analysis of nitrogen in amino acids
(CSIA-AA) provides a more reliable approach to disentangle trophic enrichment from
baseline variability. In this case, the N source represents the isotopic signature of nitrogen
at the base of the food web, reflecting the 8'°N values of primary producers or the nitrogen
source. Because amino acids such as phenylalanine have minimal trophic enrichment
during assimilation, their 3'°N values are conserved across trophic transfers used as
indicators of the nitrogen baseline. Thus, comparing the 8'°N of phenylalanine with that of
trophic fractionating amino acids (e.g., glutamic acid) allows baseline isotopic variation
from true trophic enrichment effects (Gloeckler et al., 2017; McCarthy et al., 2007;
McClelland & Montoya, 2002). This approach has proven useful in identifying the feeding
depth and trophic structure of vertically migrating organisms, offering insights into the
ecological pathways that underpin carbon transfer to the deep ocean (Bode & Hernandez-
Leon, 2018; Hernandez-Leon et al., 2020).

At the coastal upwelling zone of Central Chile, Gonzalez et al. (2023) suggested
that deep waters of the Atacama Trench located offshore may receive plankton from the

inshore upwelling zone which is being transported by mesoscale process farther offshore
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and taken to depth by passive sinking and vertical migration. This may be a very efficient
mechanism to fuel the deep ocean ecosystem with freshly produced organic C. However,
the ecological processes linking the original sources of C produced in shallow coastal
waters and the downward flux of C into deep waters remain unclear. In a first step, the
organic matter in the form of fresh plankton biomass must be transported from shallow
waters (<200 m) to deep layers (>1000 m), and this process can be controlled by advective
forces including mesoscale eddies (Hormazabal et al. 2013; Morales et al. 2010) and near-
surface cross-shelf advection due to Ekman transport (Giraldo et al. 2001). A second step
may involve the incorporation of this plankton into the food web which can be
accomplished by predation by larger zooplankton and micronekton at the coastal
transitional zone and offshore region. Thereafter, passive sinking of organic matter such as
fecal pellets and active transport by DVM might control the downward flux below the
thermocline and down to mesopelagic or deeper layers. In this study, we investigate how
cross-shelf advection and biological processes together drive the transfer of organic matter
from the coastal upwelling zone toward deeper and offshore regions along the central-
southern Chilean margin. Specifically, we examine the lateral transport of organic material
and the trophic and migratory behaviors of zooplankton and micronekton that facilitate
vertical carbon export. Using the CSTA-AA technique, we trace the sources of organic
matter supporting these consumers and assess their trophic linkages and predator—prey
interactions through which planktonic biomass is incorporated into the food web and
ultimately exported to depth via active migration. By integrating DVM with trophic
relationships across environmental gradients, our aim is to uncover the ecological
mechanisms that couple coastal productivity with deep-ocean carbon sequestration in

upwelling ecosystems.
2 Materials and Methods
2.1 Study area

The sampling was carried out in the upwelling area over the continental shelf off
Concepcion in four oceanographic stations, as show in Fig. 1a, during the S0296/2-Leg 1
cruise, onboard the German R.V. SONNE. The cruise was carried out during the austral
summer (late January 2023), when intense and constant winds sustain regular upwelling

events in the coastal region (Escribano and Schneider, 2007). The hydrographic data were

45



obtained by deployment of a Seabird SBE-911 plus Conductivity, Temperature, and
Pressure sensor (CTD) equipped with an oxygen sensor (SBE 43) and a SeaTech
Fluorometer to estimate Chlorophyll-a (Chl-a).

Environmental information was complemented with satellite derived Net Primary
production (NPP) as a product of the Global Ocean Color (Copernicus-GlobColour), Bio-
Geo-Chemical data (L4 monthly and interpolated) from Satellite Observations (1997-
ongoing). provided by the Copernicus Marine Environment Monitoring Service (CMEMS,
2023). These data cover a monthly average period from January 01to January 31, 2023,
with a spatial resolution of approximately 4 km.

We also estimated the Ekman transport, which was calculated using a hourly sea
surface wind data obtained from the Global Ocean Level-4 product (CMEMS, 2024). This
dataset consists of stress-equivalent wind at a spatial resolution of 0.125°, derived from a
combination of satellite scatter-meter observations and ERAS5 reanalysis data from the
European Centre for Medium-Range Weather Forecasts. The data corresponding to the
temporal (01/21/2023 to 01/27/2023) and spatial domain (sample station) of interest were
extracted using the tidync and ncdf4 packages in R. The northward component of the wind
was used to calculate the meridional Ekman transport (M) at each station, following the
equation:

M, =1t,/f Eq.1

Where M, represents Ekman transport (m* d”! km™), fis the Coriolis parameter and
ty denotes the alongshore wind stress (Pa). M, is positive four south winds and negative for
north winds, and tau (ty) was estimated as:

t, = pa Ca (W %)) Eq.2

Where p, is the air density (1.2 kg m™), Cy is the drag coefficient (0.0013) and V), is
the velocity of the alongshore component of the wind (m s™!). The stations and dates
grouped the resulting daily transport values to assess temporal patterns in wind-driven
transport.

2.2 Field sampling
Mesozooplankton samples were collected by stratified obliques hauls of a Hydrobios
Multinet midi type (Kiel, Germany) with a 0.25 m? opening area and 200 pm mesh size. Up

to five depth-strata were defined according to the oxygen concentrations in the water
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column (Table 1): in the coastal stations (St. 18, 26 and 31) above the costal shelf 2 or 3
depth-strata were considered between the surface and 200 m, whereas in the oceanic station
(St. 39, day and night hauls) 5 depth-strata were sampled between the surface and 1000 m.
The towing speed of the net was 0.3 m s™!. Samples were collected for both taxonomic and
isotopic analyses. Those intended for taxonomic identification were preserved in a 5%
buffered formalin-seawater solution. Samples for elemental and isotopic composition
analysis were first fractionated in four size classes (200-500, 500-1000, 1000-2000, 2000-
5000 um) and subsequently frozen in liquid nitrogen.

Micronekton samples were obtained by means of a MOCNESS-10 net (Multiple
Opening-Closing Net and Environmental Sensing System) deployed during the day (16:00
h) and night (23:00 h) down to 1000 m to collect micronekton samples (2-20 cm), with the
depth strata being the same as those sampled by the Multinet (Table 1). The net-frame had
a 10 m? mouth opening, equipped with 6 nets of 3 mm mesh size each. The MOCNESS net
worked in real time through a conductive cable and a deck unit, allowing us to monitor the
angle and to close each net at the selected depths. The net was trawled at a speed between
2-3 knots and recovered at 0.5 m s'. From the samples, individual organisms, mainly fish,

were sorted, measured and frozen in liquid nitrogen.

Table 1. Depth distribution of oxygen layers at each station. These layers were determined
based on dissolved oxygen concentration across stations. Surface saturated oxygen layer

(Upper-Oxy), the oxygen minimum zone (OMZ), and the suboxic layer (Lower-Oxy).

Station Depth strata (m) Oxygen layer

18 20-0 Upper-Oxy
60-20 OoMZ

26 20-0 Upper-Oxy
80-20 OoMZ

31 25-0 Upper-Oxy
80-25 Upper-Oxy
200-80 OMZ

39 100-0 Upper Oxy
200-100 OMZ
400-200 OMZ
600-400 Lower-Oxy
1000-600 Lower-Oxy
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2.3 Zooplankton and micronekton samples processing
The taxonomic identification of mesozooplankton groups was carried out by digitized
image analysis using the Hydroptic ZooScan digital imaging system. Samples were first
scanned and digitized at a resolution of 2400 Dpi and then analyzed by the ZooProcess
software. The biomass of each taxa identification was estimated from the equivalent
spherical diameter (ESD), converted to carbon units (mg C), after calculating the dry
weight per individual as 34.3*ESD (mm)”2.38 (Medellin-Mora et al., 2020), and assuming
the carbon content of dry biomass to be a constant 40% by weight (Escribano & Schneider,
2007; Omori & Ikeda, 1984). The zooplankton abundances (ind. m™) were calculated
considering the number of individuals in each group, the fraction used for the ZooScan
analysis, and the filtered volume by the net (m?). The community structure was described in
terms of relative abundances and the vertical distribution of each taxon. Copepods were
identified as large copepods (COP_L) or small copepods (COP_S) according to their ESD
(mm).

The differences in zooplankton abundances across depths and size-classes were
evaluated using the Kruskal-Wallis test, since the data did not meet the assumptions of
normality and homoscedasticity required for parametric tests. All statistical analyses and
visualizations were conducted in R v 4.3.2 (Team and R. C, 2025). Multivariate analysis
was used to evaluate differences in the taxonomic composition of zooplankton across
oxygen layers along the transect and between stations. This analysis of similarities
(ANOSIM) was performed using Bray-Curtis similarity on logarithm-transformed data of
abundance, separately. Samples were grouped according to their position relative to the
OMZ, categorizing depth strata as: (i) saturated and oxycline conditions (Upper- Oxy); (ii)
the OMZ core (OMZ), with dissolved O2 stratum) concentrations < 20 pmol O2 kg!
(Tutasi & Escribano, 2020); and (iii) increased oxygenated conditions in deeper waters
below the OMZ (lower-Oxy) stratum (only found at the oceanic station, St. 39) (Table 1).
Similarity Percentage Analysis (SIMPER) was also conducted to identify the taxa
contributing the most to the observed dissimilarities among depth layers. ANOSIM and
SIMPER analysis were performed in PRIMER-6 v.6.1.5 (Clarke & Gorley, 2006).

The micronekton taxa were identified usually down to family level, weighted (wet

mass, g) and measured in length (cm). Approximately 1 mg of dorsal muscle was obtained,
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avoiding bones, skin and internal organs, for subsequent isotopic analyses. These
subsamples were freeze-dried and stored in dry conditions until further analyses. Carbon
biomass was estimated by converting wet mass (WM) to dry mass (DM), and subsequently
DM to carbon biomass. The water content was assumed 75% for fish and crustaceans based
on values reported by Cotté et al. (2022). The percentage of carbon in dry mass (%C in
DM) was derived from our own bulk stable isotope analyses performed on representative
taxa from each group (Table S1). These values were then averaged per group and used to
convert DM to carbon biomass for trophic and carbon flux analyses. The abundance was
estimated by the number of individuals of each family or taxonomic group from each net;
these counts were then standardized to individuals per cubic meter (ind. m™) using the
filtered water volume in each haul. This allowed for a consistent comparison of
micronekton abundance across depth strata and stations.

2.4 Stable isotope analyses
Nighttime samples were used for isotopic analyses, considering the negligible differences
in the isotopic composition of size-fractions (zooplankton) or species (micronekton) over
the daily cycle (Bode et al., 2021). For micronekton, we chose 3 individuals of each family
at all depth-strata. All dried samples were ground to fine powder using a mortar and pestle.

We packed ca. 1 mg of dry material into tin capsules for bulk measurements of §'°N
and 8'°C in the samples. The determination of §'°N and §'°C was performed via
combustion in a Flash IRMS analyzer coupled through a Conflo IV interface to a DeltaV
Advantage isotope ratio mass spectrometer (Thermo Scientific). The results are expressed
in %o relative to atmospheric air and VPDB (Vienna Pee Dee Belemnite), respectively. In
each analytical sequence, the following secondary standards were used for §!°N: USGS 40
(-4.52%0), USGS 41a (+47.55%0), TAEA-N-1 (+0.4%0), IAEA-N-2 (+20.3%o0), and USGS-
25 (-30.4%o). For 8'3C, the standards used were: USGS 40 (-26.39%o), USGS 41a
(+36.55%0), NBS 22 (-30.031%o0), and USGS 24 (-16.049%o). To evaluate precision
(standard deviation), acetanilide was used as a reference material, yielding £ 0.15%o (n=10).
813C values were corrected for the depletion caused by variable lipid content using the C:N
ratio measured concurrently. This correction was made using the equation provided by Post

et al. (2007) for aquatic invertebrates.
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Compound specific isotope analyses of §!°N in individual amino acids (CSIA-AA)
was additionally performed in subsamples following Bode et al. (2021). Samples were first
derivatized to improve the chromatographic behavior of the single amino acids; in short, the
procedure included a hydrolysis step with 2 mL 6N HCI (20 h, 110 -C), followed by
filtration (0.2 pm hydrophilic filters) and evaporation under N> at 60 °C. Extracts were
further esterified with a mixture of 2.5 mL acetyl chloride:2-propanol (1:5) (60 min, 110
°C), and derivatized with a mixture of 0.9 mL diclomethane:trifluoracetic anhydride
(DCM:TFAA, 3:1) (15 min, 110 °C). The resulting derivatized AAs were purified by
solvent extraction using 3 mL of chloroform:phosphate buffer (1:2) (Na,HPO4 + NaH,PO4
in Milli-Q water, pH = 7.4) after centrifugation (13200 rpm, 10 min) and evaporation at
room temperature under N». Finally, acyl-derivatives were re-dissolved in 0.25 mL of DCM
and stored in vials at =20 °C until CSIA-AA.

The analysis of derivatized amino acid extracts was performed using a DeltaV
Advantage isotope ratio mass spectrometer (Thermo Scientific), coupled via a Conflo IV
continuous flow interface to a Trace1310GC gas chromatograph (Thermo Scientific) and a
GC Isolink combustion module (Thermo Scientific). The TFA derivatives of the amino
acids were separated by gas chromatography using a TG-5MS column (60 m, 0.32 mm x
1.0 um); after separation, the different species underwent combustion to generate N> gas,
which was subsequently analyzed via electron ionization.

The method allows for the analysis of the following individual amino acids: alanine
(Ala), glycine (Gly), threonine (Thr), serine (Ser), valine (Val), leucine (Leu), isoleucine
(Ileu), proline (Pro), methionine (Met), phenylalanine (Phe), and lysine (Lys). Considering
that acid hydrolysis of the sample converts glutamine (Gln) into glutamic acid (Glu) and
asparagine (Asn) into aspartic acid (Asp), the isotopic nitrogen abundance was determined
by the combinations GIn+Glu (Glx) and Asn+Asp (Asx). The §'°N results are expressed in
%o relative to atmospheric air. All isotopic analyses were conducted at the Servicio de

Analisis Instrumental from the University of A Corufia (Spain).
2.5 Trophic Ecology

The zooplankton and micronekton trophic positions (TP) were then calculated as follows:

TPr, = [(8**Nry — 6"*Nppec — B)/(TDF)]+1  Eq.3
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where T is the trophic AA, either Glx or Ala, f stands for the difference between
Tr and Phe at the base of the food web. In the case of zooplankton, f was assumed to be
3.4%o0 and 3.2 %o for Glx and Ala, respectively, while the '°N enrichment of Tr in each
trophic step (TDF) was assumed to be 7.6%o and 4.5%o for Glx and Ala, respectively, after
Fernandez-Urruzola et al. (2023). In the case of micronekton, [ values were 3.6%o0 and
3.2%o for Glx and Ala, respectively, and TDF being 5.7%o and 6.1 for Glx and Ala,
respectively following Bode et al. (2021).

The effect of trophic discrimination in the source AA Phe (§1°Npp,) was corrected
(6°Nppec) (Xi et al. 2020) by assuming a 0.4%o enrichment at each trophic level according
to Chikaraishi et al. (2009):

8 Nppec = 6 Nppe — 0.4 x (TP;,, —1) Eq.4

The fractional contribution of the microbial loop into the metazoan food web was

calculated using the difference between the TPy, and TP, after (Fernandez-Urruzola et

al., 2023):
% Microbial contribution = 100 x ———— Eq.5

Significant differences in §1°Npp,qc, TP and contribution of the microbial either
between groups or depth-strata were assessed using a one-way analysis of variance
(ANOVA). Data normality and homoscedasticity were first confirmed using the Shapiro-

Wilk and Levene’s tests, respectively.

2.6 Carbon Flux Estimation
The amplitude of the diel vertical migration (ADVM) was calculated only in the oceanic
station (St. 39) for the identified zooplankton and micronekton migrators (having a ADVM
>100 m). ADVM is the difference between the weighted mean depth (WMD) during the
day and night for each taxa considering the width of each depth strata (Andersen, 2004;
Tutasi & Escribano, 2020):
WMD = Z(ni X zi X di)/ X (ni x zi) Eq.6

where ni is the biomass (mg C m™) of a given taxonomic group, zi is the width (m)

of the strata and di is the mean depth of the strata (m). In one case, the haul corresponding
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to the 100-200 m stratum was missed; therefore, we estimated its value using data from the
adjacent strata above and below. This adjustment was applied only to myctophid fish,
which dominated among migrators.

In addition, we estimated the TP for each selected migrating taxa of zooplankton.
This TP was assumed from the corresponding TP of the size fraction of which the taxa
belonged to. In the case of micronekton we used the TP corresponding to each taxon.

To estimate the downward flux of C (C flux), we first quantified the carbon biomass
of the migratory zooplankton and micronekton (mg C m?) across depth strata sampled
during day and night. This migratory biomass was determined as the difference in carbon
biomass between nighttime and daytime samples in each depth strata. The C flux was

calculated using the formula:

R+E+M)
2

where MB is the migratory biomass, R was the respiration rate estimated for

C flux = MB x( Eq.7

zooplankton following Ikeda (2014), and for micronekton following Belcher et al. (2020)
and Ikeda (2016). E is the excretion rate obtained from published literature and assumed as
30% of the respiration (Steinberg et al., 2000), and M is the mortality rate assumed as a
constant of the migrating biomass of 4% (Andersen, 2004; Tutasi & Escribano, 2020).

3 Results

3.1 Hydrography
The oceanographic contours showed a narrow coastal band (<20 km) characterized by
upwelling conditions, where lower near-surface temperatures and higher salinities revealed
the ascent of the Equatorial Subsurface Water (ESSW). In contrast, warmer and less saline
waters prevailed near the surface in the offshore region (Figs. 1B). The presence of the
OMZ associated with ESSW waters was located within the upper 500 m, occupying almost
the entire water column over the continental shelf (Fig. 1B). Chl-a increases were not
evident in the coastal area, but they were most present in surface water at the offshore

region, suggesting a potential cross-shelf advection from inshore to offshore (Fig. 1B).

52



Indeed, the highest values of up to 29.8 mg m™ were mostly found in the sunlit waters from
offshore.

During the sampling period, NPP exhibited a marked cross-shelf gradient. The
lowest values (<100 mg C m™ d') shown the occurred in offshore region waters, while
NPP progressively increased toward the coast, reaching values exceeding 175 mg C m™ d.
This distribution not only highlights the strong spatial heterogeneity of primary
productivity in the study region, and indicates that, despite the higher although NPP is
highest in the coastal zone, but the substantial fraction of this newly produced biomass was
also exported offshore according to the distribution of Chl-a (Fig. 1A and 1B).

M; varied among coastal stations during the sampling period, being positive in all
cases (i.e., towards the open ocean), increasing from inshore to offshore. At station St. 31
was 1.2x10° m* d"! km!, followed by St. 26=9.4x10* m® d"! km!, and St. 18 exhibited the

lowest transport= 3.9x10* m* d"! km™.
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Figure 1. Sampling station off the coast of Concepcion (Chile). (A) The net primary production (NPP)
(mg C m d!) data from satellite products Global Ocean Color (Copernicus-GlobColour), Bio-Geo-
Chemical, L4 (monthly and interpolated) from Satellite Observations (1997- ongoing) considered an
averaged value for the S0296/2-Leg 1 cruise, with a 4 km-resolution. (B) Cross-shore section of

temperature (T °C), salinity, Chl-a (mg m™), and dissolved oxygen (DO, pmol kg™!).

3.2 Zooplankton and micronekton community structure and vertical

distribution

The composition and relative abundance of the zooplankton community structure were
described by 19 groups as identified from the ZooScan (Fig. 2). The Upper-Oxy layer

showed the highest abundance of all groups, with a progressive decline toward the deeper
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layers (OMZ and lower-Oxy) (Fig. 2). The contribution of the other taxa in the Upper-Oxy
layer shifted across stations: siphonophores, appendicularians, amphipods and bryozoans
accounted for 53% of the total abundances at St. 18, it constituted 12% at St. 26,
appendicularia and nauplii contributed with 23% at St. 31 and egg’s fish (Sardine),
pteropods, nauplius, appendicularians represented 38% of the abundances at St.39.

A Kruskal-Wallis test applied to the complete dataset revealed significant
differences in zooplankton abundances across oxygen layers (H=94.14, df =2, p <0.001)
and between stations (H=37.64, df = 3, p <0.001). In contrast, differences in abundances
among size fractions were not significantly different (H=5.27, df =3, p = 0.15). The
analysis for each station showed that the strongest vertical differences in zooplankton
abundances (by oxygen layer) were found at St. 18 and St. 31 (St. 18: H=36.8, df =1, p
<0.001; St. 31: H=26.9, df =2, p<0.001; St. 39 H=48.26, df =4, p <0.001), while no
significant vertical variation was detected at St. 26 (p = 0.43). Additionally, no significant
differences in abundance were observed among size fractions within any station (all p >
0.10). At the oceanic station, abundances also did not differ significantly between day and

night samples (H=0.80, df =1, p =0.37).
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Figure 2. Zooplankton community structure at the upwelling area on the shelf off
Concepcion, during the austral summer (January 2023). Each panel shows the average
relative contribution of different taxa to the total zooplankton abundance in the water

column. The color gradient represents the relative abundance (%).

The copepods were consistently among the top contributors, explaining up to 50-
60% of the internal similarity within stations and accounting for over 35% of the
dissimilarity between paired stations. The abundance and high relative contribution reflect
their ecological dominance in the zooplankton assemblage. However, this strong influence
may mask finer-scale compositional differences driven by less dominant but functionally
diverse taxa. Therefore, a complementary analysis excluding copepods was performed to
better understand the contribution of other groups to the observed spatial pattern in

community structure.
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The analysis of zooplankton assemblages, excluding copepods, showed a significant
difference across stations (Global R = 0.3, p = 0.002) (Table 2). The largest differences
were evident found when comparing the oceanic station (St. 39) and the neritic stations (St.
18, 26 and 31). In contrast, comparisons among the three more coastal stations that yielded
lower showed low R values and non-significant differences (Table 2), suggesting a change
in community composition from coastal to oceanic waters. ANOSIM also detected
significant differences in zooplankton assemblages among the oxygen layers. The
comparisons showed that upper-Oxy communities differed significantly from both OMZ (R
=0.2, p=10.002) and lower-Oxy (R = 0.3, p = 0.01). However, the non-significant
difference observed between OMZ and lower-Oxy (R = 0.1, p = 0.3) suggested similar
taxonomic composition below the oxycline.

The analysis revealed distinct patterns in the zooplankton community composition
across stations, along the coastal-oceanic transect. Between-station dissimilarities were
high (>70%). The largest dissimilarity occurred between St. 39 and St. 18 (84.2%), driven
mainly by changes in the relative abundance of annelids, ostracods, amphipods, and
siphonophores. Comparisons between the other stations showed similar trends:
dissimilarities between St. 26 and St. 31 against St. 18 were 83.7% and 82.3%,
respectively, also reflecting strong compositional shifts from coastal to oceanic regions.

The nauplius stage and taxa such as appendicularians, and annelids were among the
most influential in distinguishing station pairs across the entire transect, contributing
consistently and significantly to Bray-Curtis’s dissimilarity. Notably, bryozoans, ostracods,
salps, and siphonophores were also discriminating against taxa depending on the pairwise
comparison, reflecting shifts in functional groups and vertical niche distribution along the

horizontal gradient.

Table 2. ANOSIM pairwise comparisons for zooplankton assemblages among

stations and oxygen layers (excluding copepods).

Significance level

Variable Comparison Group R statistic %)
(1]
Station St. 39 vs. St. 18 0.4 0.1
St. 39 vs. St. 26 0.3 0.6
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St. 39 vs. St. 31

St. 26 vs. St. 18

St. 31 vs. St. 26

St. 31 vs. St. 18
Oxygen

Upper-Oxy vs. OMZ
Layers

Upper-Oxy vs. Lower-Oxy

OMZ vs. Lower-Oxy

0.2
0.1
0.1
0.1

0.3
0.1

4.7

15.3
21.0
26.4

0.2

0.9
24.9

The micronekton community was dominated by fish and decapods (Fig. 3). Among

fish, we identified individuals belonging to four different families: Myctophidae,
Sternoptychidae, Melamphaidae, Stomiidae, as well as members of Alepocephaliformes.

Decapods correspond to Acanthephyra pelagica, Notostomus elegans and members of

Gennadas sp.

Myctophidae were the most abundant micronekton group, exhibiting high
abundances throughout the water column. Other fish families and decapods (4. pelagica

and Gennadas sp.) were distributed across the OMZ and Lower-Oxy layers. Notably,

Melamphaidae, Alepocephaliformes and N. elegans were observed only in the Lower-Oxy

layer. Kruskal-Walli’s analysis did not show any significant differences in abundance

between oxygen layers (H = 3.9, df =2, p = 0.14) or sample times (day/night) (H= 0.9, df

=1,p=0.33).
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Figure 3. Distribution of micronekton abundance at station 39, located offshore of the
upwelling zone off Concepcion (January 2023). The color gradient represents the logio

transformed mean abundance (day and night) within each oxygen layer.

3.2 Trophic ecology of zooplankton and micronekton communities

The stable nitrogen isotopes of bulk material (Table S1) showed an increase in 3'°N with
size, with micronekton exhibiting the highest values (15.8-18.5%o), followed by
zooplankton (12.5-16.3%o). This difference likely results from the trophic enrichment
across multiple trophic steps. The 6'*C values of both zooplankton and micronekton ranged
between -15.3%o0 and -19.0 %o (Fig. 4) throughout the water column, significant differences
between samples (F(1,73=13.1 p<0.001), the difference were associated two the spatial and
vertical distribution, suggesting a stronger influence of surface-derived carbon sources

fueling the coastal component of the food web.
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Figure 4. Vertical patterns of $'3*C (%o) in zooplankton (top panel) and micronekton
(bottom panel) across the oxygen layers (Upper-Oxy, OMZ, Lower-Oxy) at each station
from coast (St. 18) to offshore (St. 39). Points represent mean isotopic values, and

horizontal error bars denote standard deviations.

The 8'°N PheC values for the size-fractionated zooplankton and micronekton ranged
from 4.9%o to 11.8%o0 (Fig. 5). Still, differences in the 6'*N PheC between mesozooplankton
and micronekton were significant (F(1,76=20.9, p<0.001). These differences, however,
became non-significant between zooplankton size-classes or when comparing zooplankton
from different oxygen layers (F3.42)=0.7, p=0.6; F2.43=1.3, p=0.3) or stations (St. 18, 26, 31
and 39) (Fa44=1.1 p=0.3). Micronekton 8'°N PheC values data from the were included. I,
no significant differences were found at st. 39 differences when considering among oxygen

layers, nor among the or taxa (F25=1.0, p=0.1; F25=1.0, p=0.4).
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Figure 5. Vertical patterns of >N PheC (%o) in zooplankton (top panel) and micronekton
(bottom panel) across the oxygen layers (Upper-Oxy, OMZ, Lower-Oxy) at each station
from coast (St. 18) to offshore (St. 39). Points represent mean isotopic values, and

horizontal error bars denote standard deviations.

However, the relationship between 6'°N of Glx and Phe revealed a consistent
increase in the TPs from zooplankton to micronekton (Fig. 6). The mesozooplankton
exhibited omnivorous and carnivorous feeding habits with TPs ranging from 2.3 to 4. All
micronekton taxa were strict carnivores, with TPs between 3.4 and 5.2.

A two-way ANOVA showed a significant interaction between oxygen layer and
station in zooplankton TP (F(1,41)=8.5, p<0.05), indicating that the effect of oxygen layer on
TP varied across stations. For the zooplankton size fractions, the one-way ANOVA
revealed no significant differences in trophic position (F3,42) = 0.8, p =0.5). Similarly, the
one-way ANOVA for micronekton taxa showed no significant differences (F,25 = 1.6, p =
0.2).
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Figure 6. Biplot of 615N-Glx values against 615N-Phe values for (A) size-fractionated
plankton and (B) micronekton samples. The color gradient represents the distribution
within the water column, with lighter colors (yellow) indicating shallower depths and
darker colors (dark blue), deeper depths. The trophic position of each sample was

delineated by dashed trophoclines.

In this regard, we did not observe the significative difference between zooplankton
and micronekton (F(1,76)=0.2, p>0.05) (Fig. 7): while the microbial food web was between
5.0 to 38.25%, a mean value was 23.7% of the zooplankton diet, the contribution was

between 8.0 to 35.4, and a mean value 24.6% as food resource for the micronekton.
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Figure 7. The relative microbial contribution (%) to zooplankton and micronekton diets.

3.3 Migrant Biomass and Carbon Flux
The analysis of the DVM in zooplankton revealed that euphausiids, appendicularians,
annelids, decapod larvae, nauplii, large copepods, and amphipods were the main migrant
taxa (ADVM > 100 m) (Fig. 8 A). Some of them exhibited reversed DVM, i.e. they
migrated to deeper strata during the night. In the case of micronekton (Fig. 8B), WMD was
located below 300 m, with Myctophidae, Melamphaidae, and Stomiidae identified as the
main migratory taxa (ADVM > 100 m). Migration patterns in these fish families occurred in
both directions, night-day (Myctophidae and Melamphaidae) and day-night (Stomiidae),
reflecting diverse vertical movement strategies (Fig. 8B). For subsequent analyses of active
carbon flux, migrant zooplankton were represented by euphausiids, large copepods, and
chaetognaths, whereas micronekton was represented by the three fish families mentioned

above.
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Figure 8. Amplitude of diel vertical migration in zooplankton (A) and micronekton (B).
Dots represent the weighted mean depth (WMD) during the day (orange) and night
(blue), with the difference in WMD defining the migration amplitude. The arrow showed

the migration direction for each taxon.

Considering the biomass of migrants, our results revealed an increase in TP and
biomass across depth layers (Fig. 9). Migrant zooplankton displayed a lower biomass than
migrant micronekton across all oxygen strata, highlighting its numerical dominance in the
system. Within the OMZ, migrant zooplankton were carnivorous taxa (TP 3.0-4.3),
showing the highest TP values. By contrast, micronekton exhibited a broader distribution

throughout the water column, with TP values consistently > 3.5.
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Both migrant zooplankton and micronekton were primarily predators, and their
migrant biomass (MB) showed maximum values in the surface layers and deeper strata (0-
100 and 600-900 m) for the zooplankton and at 200-600 m for the micronekton (Table S3).
In terms of biomass, micronekton outweighed zooplankton.

Table 3 summarizes the active carbon flux mediated by migrant organisms.
Zooplankton contributed to the downward transport of carbon (Table 3), with fluxes
ranging from 0.1 to 2.0 mg C m? d™" (mean = 1.3 mg C m? d™). In contrast, micronekton
fluxes were several orders of magnitude higher, ranging from 15.1 to 70.8 mg C m=2d™!

(mean =37.0 mg C m=d™).

Table 3. Carbon flux (C flux) of zooplankton and micronekton offshore of upwelling system of
Concepcion during the austral summer (January 2023). Migrant biomass (MB: mg C m™ d!); R
was the respiration rate estimated for zooplankton following Ikeda (2014), and the micronecton
following Belcher et al. (2020) to Myctophids and Ikeda (2016) for Melamphaidae, and Stomiidae.
E is the excretion rate assumed as 30% of the respiration, and the M is the mortality rate assumed

a 4% value (Andersen, 2004; Tutasi & Escribano, 2020) of the migrating biomass.

Depth strata 2 C flux
Sample (m) MB(mgCm?) R E M (mg C m? d')
Zooplankton 0-100 75.6 0.004 0.001 0.04 1.7
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100-200 34 0.012 0.004 0.04 0.1

200-400 66.1 0.005 0.002 0.04 1.5
400-600 39.3 0.008 0.002 0.04 1
600-900 73.7 0.01 0.003 0.04 2
Micronekton 0-100 586.8 0.009 0.003 0.04 15.1
100-200 1,208.60 0.008 0.001 0.04 29.8
200-400 2,821.70 0.008 0.002 0.04 70.8
400-600 2,381.80 0.003 0.002 0.04 54.2
600-1000 683.0 0.003 0.001 0.04 15.1
Mean zooplankton 1.3+£0.7
Mean micronekton 37.0+24.8
Total 37.0£25.5

4 Discussion

4.1 Environmental conditions and zooplankton lateral transport
Active upwelling was occurring during the study while Ekman transport (Mx) favored
lateral advection of zooplankton biomass. Since the average Mx during the week of study
was about 85.2 m3 d”! m™! and the mean zooplankton biomass in the inshore region in the
upper 100 m layer was 16.3 mg C m-3 (from Table S3), and assuming that this zooplankton
biomass is distributed within the Ekman layer (ca. 20 m in this region), an approximate
amount of 1.4 g C m> d”! can be advected offshore. This lateral transport can also be
enhanced by other advective processes, such as mesoscale eddies (Hormazabal et al., 2013;
Keister et al., 2009; Morales et al., 2010; Mufioz et al., 2023), and geostrophic currents
(Gonzélez et al., 2023), potentially resulting in even greater advection of plankton biomass.
On the other hand, the offshore propagation also contributes significantly to expanding the
area of high Chl-a concentrations beyond the coastal upwelling area off Chile, supporting
the relatively high abundances of zooplankton assemblages in the offshore ocean (Morales
et al., 2010). As shown in other studies, Ekman transport seems a key process for the
mesoscale circulation in coastal upwelling zones, transporting huge volumes of coastal
water offshore, and as seen in other regions a single upwelling filament may advect large
amounts of water offshore as far as 1000 km from the coastline in the Oregon and
California coast each summer (Keister et al. (2009). The offshore transport of such
filaments in coastal upwelling systems is clearly reflected in the dominance of neritic taxa
offshore which can occur over a meander of the upwelling jet as ~0.5 Sv, and a biomass

flux of >900 tons of carbon per day in zooplankton alone (Keister et al. (2009).
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We also find that wind-driven transport intensifies progressively from the coast
toward the ocean. while the abundance of zooplankton showed the highest concentrations at
the coastal station (St. 18) and the lowest values at the offshore station (St. 39), although
having a similar community composition. The higher zooplankton abundance or biomass at
the inshore in this upwelling zone results from a high secondary production, as previously
reported (Fernandez-Urruzola et al., 2023; Gonzalez et al., 2023; Gonzalez et al., 2019).
The possibility that carbon fixed in the productive coastal upwelling zone is transported and
utilized offshore is a key issue in this study. In upwelling systems, the primary source of
organic C and N is derived from new production supported by nitrate enriched in *N, with
0N values of particulate organic matter (POM) typically ranging between 6 and 12%o in
the Chilean upwelling system (Pantoja, 2006). Thus, our approach enabled us to evaluate
whether 6'°N-Phe C values remain consistent between coastal and offshore stations (Fig. 5),
serving as an indicator of lateral transport processes. 0'°N PheC values ranged between 4.9
and1.8%o), without significant differences between inshore and offshore stations, indicating
that the nitrogen source fueling primary production was consistent from the coastal
upwelling sites to the offshore area. The variation in the baseline 6'°N-Phe values in
oligotrophic and highly productive upwelling zone were reported by Fernandez-Urruzola et
al. (2023) and mentioned that a positive discrimination of primary producers in favor of the
lighter isotope ('*N) might have progressively enriched the residual NO~ pool as it is
horizontally advected and between 85.9 % and 99.0 % of the biological production at the
upwelling zone relied on upwelled NO™. The §'*C on the other hand showed a narrow
range across stations (-15% and -19%) reflecting values observed in rapidly growing
phytoplankton (Rau et al., 1989). It is important to note that the variation in 6'"°N-Phe and
0"3C when comparing the biomasses of zooplankton and micronekton was significant, but
both markers varied within a narrow and similar range between components. This
variability most likely obeys the utilization of additional food sources in the offshore
region, especially in deeper strata.

The spatial patterns of both '°N-Phe and 6'*C strongly support the hypothesis that
lateral transport acts as a key mechanism linking nutrient-rich coastal production with
offshore ecosystems. In particular, the observed homogeneity in baseline isotopic values

across the cross-shelf gradient suggests that shelf-derived production is advected toward the
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open ocean. A previous study, Gonzélez et al. (2023), provided additional evidence
suggesting that most of the organic matter present over the Atacama Trench ultimately
originates in the coastal upwelling zone, where new production predominates. Their
analysis of isotopic niches showed an overlap, and zooplankton community structure
further supports the hypothesis that both organic matter and plankton are laterally advected
from the productive coastal system to the near-surface layers above the trench. The large
overlap of isotopic niches is consistent with the utilization of a common food resource;
most likely particulate organic matter derived from high primary productivity in the
euphotic zone.

4.2 Biomass of migrating zooplankton and micronekton
Once advected offshore, the zooplankton biomass can be subsequently transferred to deeper
layers, where it will sustain the metabolic demands of the deep-sea resident biota. In this
context, vertically migrating zooplankton plays a crucial role in actively transporting
substantial amounts of carbon to the mesopelagic and bathypelagic zones, a process that is
particularly important in highly productive ecosystems such as this upwelling system.
Zooplankton’s DVM has long been recognized as one of the most important biological
mechanisms driving vertical carbon flux in the ocean. In the upwelling system off northern
Chile, Tutasi and Escribano (2020) showed that migrating zooplankton, particularly
copepods and euphausiids, contribute actively to the downward transport of organic matter
through respiration, excretion, and mortality at depth, representing up to ~4% of daily
primary production being exported below the euphotic zone. Similar processes have been
documented in other oxygen minimum zones, where physiological strategies, such as
metabolic suppression allow zooplankton to survive and migrate across hypoxic waters,
although this adaptation also reduces respiration rates and therefore modifies the efficiency
of active flux (Kiko & Hauss, 2019).

The DVM estimates revealed that the zooplankton and micronekton migrated during
daytime and nighttime are main forces driven biomass redistribution across depth strata.
These patterns are consistent with the behavior of large zooplankton, such as copepods (e.g.
Calanus finmarchicus, C. pacificus, Euchaeta elongata) and euphausiids (e.g. Euphausia
mucronata, E. pacifica, E. eximia), which are known to perform extensive diel vertical

migrations across several hundred meters (ca. 800 m) from near surface to depth (Bode &
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Hernandez-Ledn, 2018; Riquelme-Buguefio et al., 2020). However, our data also showed
that not all taxa follow the ascension during the night, and in other cases, the biomass
persisted within intermediate and deeper strata during nighttime implying the presence of
species that either do not migrate or exhibit reverse migrations. Such behaviors have been
shown for copepods like Pleuromamma abdominalis and decapods, such as Sergia
splendens, which can remain within or migrate into the OMZ core (Ariza et al., 2015;
Wishner et al., 2018).

The migrant community in central-southern Chile is composed not only of strong

vertical migrants, but also of taxa adopting partial or reversed migration. Such strategies,

including residence within or excursions into hypoxic layers, may still contribute to carbon

transport by fueling deep resident communities and facilitating organic matter cycling
below the euphotic zone (Escribano and Riquelme-Buguefio, 2015). These findings stress
that the magnitude of zooplankton and micronekton-mediated transport does not only

depend on the amount of migrating biomass, but also on the behavioral migration and

environmental constraints, particularly oxygen concentration, which could affect the width

of the depth strata and the amplitude of vertical migration.

Migrating zooplankton are predominantly omnivorous and carnivorous (TP=2.5 to

4), with organisms >500 um contributing significantly to the downward transfer of organi
matter. The maximal migrating biomass was concentrated on the near surface layers durin
the night (Table S2). Micronektonic organisms on the other hand, notably mesopelagic
fishes and decapods, emerged as pivotal drivers of active carbon transport across the
ocean’s midwater layers due to their DVM (Hernandez-Leon et al., 2019; Kwong et al.,
2020). Other studies have demonstrated that vertically migrating micronekton displays
elevated trophic positions compared to non-migrants, suggesting enhanced carbon
processing and export (Bode et al., 2021). Moreover, research from various other marine
regions has shown that in tropical and subtropical Atlantic waters, zooplankton and
micronekton together underpin a substantial portion often exceeding 25% of total carbon
flux via active transport mechanisms, with micronekton increasingly dominant in more
productive zones (Hernandez-Leon et al., 2019). Collectively, these studies highlight that

micronekton DVM is a crucial vector of carbon transfer to the deep ocean. Accurate

C

g
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assessments, including taxonomic resolution, are required to properly assess their
contribution to vertical flux estimation of C.

Regarding the qualitative aspects of micronekton contribution to downward C flux,
our findings revealed that Myctophidae fish were the most abundant group, compared to
other groups, such as Stomiidae and, Melamphaidae which also migrated through the OMZ
layers and contributed to vertical carbon transport. This finding contrasts with reports from
other regions where active flux is typically attributed to a narrower set of dominant migrant
taxa (e.g. only myctophids). Moreover, the strong carnivorous signal (TP > 3) found in our
samples (Fig. 6) indicated that active transport in this system is not only biomass-driven,
but also functionally shaped by the trophic structure of the migrants. Thus, in contrast to the
general assumption that biomass is the best predictor of active flux, our findings highlight
the importance of considering trophic behavior and prey-predators as key modulators of
vertical transport efficiency in productive upwelling ecosystems.

4.2 Zooplankton and Micronekton
In our study area off Concepcion, active carbon flux mediated by zooplankton ranged
between 0.1 and 2.0 mg C m™> d™, depending on the depth layer, while the depth integrated
value was 1.3 £0.7 mg C m? d™. These numbers fall within the lower spectrum reported
for other upwelling or productive systems (Table 4). For instance, in the South China Sea,
Ge et al. (2021) estimated active carbon fluxes of 4.64 mg C m™ d! - more than twice our
mean value- compared to 1.80 mg C m™ d™! in the adjacent Western Philippine Sea. In the
Benguela Upwelling System, actively transported POC by zooplankton comprised
approximately 62-73% of the total POC flux, underscoring a relatively stronger role for
DVM in that region (Meiritz et al., 2024). Meanwhile, in the coastal upwelling region off
northern Chile, Tutasi and Escribano (2020) reported zooplankton DVM provide ~71 mg C
m™d" into the OMZ via a migrant biomass of nearly 960 mg C m= d™* equivalent to about
4% of local net primary production.

Our data suggest that the micronekton showed high values of C fluxes compared to
other estimates (Table 4), revealing an enhanced contribution to the active transport of C to
the deep ocean in this region. Similar findings have been reported in other productive
ecosystems where myctophids and other mesopelagic fishes dominated the migrating

biomass and played a major role in carbon export to depth (Ariza et al., 2015; Hidaka et al.,
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2001; Kwong et al., 2020). The magnitude of fluxes determined in this study suggests that

micronekton not only supplements, but it largely exceeds the role of zooplankton in fueling

deeper layers, particularly under OMZ conditions where predator-prey interactions upon

prevalence of carnivory may enhance the downward transport of C. Overall, our results

indicate that the contribution of zooplankton and micronekton to the active carbon export in

this upwelling system represented approximately 2.7% of the local NPP in the offshore

zone and 2.1% of NPP in the inshore area.

Table 4. Comparison of active transport of carbon rates from published studies with our estimates.

Sample Carbon flux (mg C m2d™) Location Source

Zooplankton 2.8-8.8 Sargasso Sea Longhurst et al. (1990)
2.0-9.9 Bermuda Steinberg et al. (2000)
1.92-4.29 Canary Islands Hernandez-Leon et al. (2001)
7.3-19.05 W. Eq. Pacific Hidaka et al. (2001)
14.1 E. S. Pac. N. Chile Hidalgo et al. (2005)
7200 E. S. Pac. N. Chile Escribano et al. (2009)
3.2-13.6 N. Hawaii ALOHA Steinberg et al. (2008)
34+£19 Canary Islands Ariza et al. (2015)
0.9-83.3 Atlantic Ocean Hernandez-Leon et al. (2019)
71+64 E. S. Pac. N. Chile Tutasi and Escribano (2020)
5.4-88 Eastern coast of Australia Kwong et al. (2020)
4.64 South China Sea Ge et al. (2021)
0.1-2.0 Concepcion upwelling This study

Micronekton 15.2-29.9 W. Eq. Pacific Hidaka et al. (2001)
8.0-30.8 N. E. Pacific Davison et al. (2013)
2.92+0.95 Canary Islands Ariza et al. (2015)
0.4-6.7 Eastern coast of Australia Kwong et al. (2020)
0.25-0.91 Scotia Sea Belcher et al. (2020)
0.04-21.69 Southwest Coast of Oahu Kwong et al. (2022)
0.001-0.045 Kerguelen Islands Cotté et al. (2022)
0.13-6.3 Northeast Atlantic Ocean McMonagle et al. (2024)
15.1-70.8 Concepcion upwelling This study

The idea that prey-predator interactions occurring in the offshore zone can enhance the

active transport of C provide evidence for the existence of a “trophic ladder” (Vinogradov,
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1962) in the upwelling system of central-southern Chile, where different zooplankton
groups and micronekton taxa contribute sequentially to the transfer of carbon from surface
production to deep layers. Large copepods, chaetognaths and euphausiids acted as primary
mediators of vertical flux, either through direct migration or by exploiting sinking detritus,
while micronekton further integrated this carbon and sustained deeper trophic levels. Kelly
et al. (2019) in the California Current found that migrating mesozooplankton and fish
supply a substantial portion of carbon export, acting as consumers (diurnal predator levels)
on migrating zooplankton and in turn becoming prey for higher trophic levels, which builds
a ladder of trophic transfers. In the other case, Anderson et al. (2019) mentioned that the
principal support for the mesopelagic fish biomass is by vertical migrators that link surface
primary production into the mesopelagic zone, complemented by detritivores and surface-
resident copepods. Our study shows that migrant zooplankton and micronekton in our
system differentially contribute to carbon export, with micronekton being the principal
contributors to this ladder by coupling surface-derived production (via zooplankton
migrants) to deeper OMZ layers. Our results, together with previous work, support the
'trophic ladder' hypothesis, wherein carbon is transferred from phytoplankton to migrant
and non-migrant zooplankton (omnivorous and carnivorous) and ultimately to carnivorous
micronekton, which couples surface production to deep OMZ communities. Furthermore,
they reveal that this vertical mechanism is coupled with horizontal transport from the

coastal upwelling to the deep ocean.

5 Conclusions

Our findings indicate that biological-physical processes are coupled to redistribute the
plankton biomass produced in the upwelling zone along the central-southern Chilean
margin. The CSIA-AA analyses revealed a low variability in 8'*N-Phe baseline across
coastal and offshore stations, pointing to lateral transport of coastal-derived nitrogen. In
parallel, isotopic and community composition confirmed that both zooplankton and
micronekton depend on resources advected from the upwelling zone, reinforcing the strong
connectivity between coastal production and offshore ecosystems. Thereafter, the vertical
transport mediated by migrant zooplankton contributed to rather a low flux of carbon, while

micronekton dominated the contribution to the vertical export of C. This contrast highlights
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the complementary roles of prey-predator interactions and DVM as drivers for active flux
of C. Together, these mechanisms strengthen the link between surface productivity and
deep-ocean layers, underscoring the ecological pathways that couple upwelling-driven
production with offshore carbon sequestration. Combined physical processes including
Ekman transport and mesoscale eddies and DVM and trophic interaction within and
between zooplankton and micronekton promoting the downward flux of C produced in the
upwelling zone are illustrated in Fig. 10. Such conceptual model highlights the existence of
a highly efficient mechanism not only to fuel organic C the deep ocean ecosystem, but also

to sequester large amounts of C produced in highly productive upwelling regions.
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Figure 10. Conceptual model illustrating the physical processes (Ekman transport and
mesoscales eddies) promoting lateral transport of plankton from the inshore to the offshore
regions in a coastal upwelling zone which, in combination with trophic interactions and diel
vertical migration of zooplankton and micronekton, may promote the downward flux of C
produced in the upwelling zone to the deep ocean ecosystem. AT= Active transport; NPP=
net primary production. The scheme also provides estimates of the physical and biological
processes involved on a daily basis, except for the unknown C flux mediated by other deep-

sea fishes.
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5. DISCUSION

Las interacciones presa-depredador y la migracién vertical de los
organismos peldgicos son procesos clave que contribuyen al transporte activo
de carbono hacia el océano profundo. Considerando la hipétesis de que el efecto
combinado entre ambos mecanismos promueve significativamente este
transporte, es importante destacar que la conceptualizacion de una “escalera
trofica” puede verse modulada por las condiciones oceanograficas locales, que
determinan la estructura de las comunidades de zooplancton y micronecton. En
este contexto, la propuesta del Trophic Behavior Index (TBI) aporta un
indicador ecologico y un descriptor comunitario, el cual considera e integra tres
factores bioldgicos importantes: 1) el tamafo del organismo, que es reconocido
como una de las propiedades esenciales de las comunidades biologicas en lo
que respecta a la ecologia trofica y al flujo de energia en cualquier ecosistema
(Peters, 1983; Décima, 2022). 2) La migracién vertical diaria, por su parte, estd
estrechamente vinculada con las interacciones presa-depredador (Kelly et al.,
2019; Tutasi y Escribano, 2020), mientras que 3) la posicion trofica a partir del
isotopo 8'°N se ha utilizado ampliamente para evaluar la ecologia trofica de los
distintos componentes dentro de las tramas troficas (Post, 2002; Massing et al.,
2022).

Este indice es una herramienta que permite distinguir grupos funcionales,
mas alla del nivel de especie, otorgando informacién en términos de intensidad
de depredacion, desde zooplancton clasificado como depredadores débiles hasta
depredadores fuertes en diferentes comunidades planctdnicas conformadas por
una amplia variedad de consumidores. Determinar estas interacciones troficas

en la columna de agua no solo permite entender la dinamica de la comunidad
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pelagica, sino también su efecto directo en el transporte activo de carbono hacia
el océano profundo.

En el sistema de surgencia del centro-sur de Chile, la combinacion de
procesos fisicos, como el transporte lateral a partir del transporte de Ekman,
remolinos de mesoescala u otros, y el transporte vertical activo, considerado
como la amplitud de migracion vertical diaria, influyen en la transferencia de
carbono entre la superficie y el océano profundo, considerando que las
interacciones troficas modulan un porcentaje de este transporte. Nuestros
resultados muestran que tanto el zooplancton como el micronecton contribuyen
de manera complementaria a este transporte activo: los primeros mediante una
rapida asimilacion y transformacion de la materia orgénica derivada de la alta
productividad superficial, y los segundos a través de su capacidad de migrar
entre la capa epipelagica y mesopelagica, facilitando el flujo de carbono hacia
profundidades mayores (Hidaka et al., 2001; Davison et al., 2013; Bianchi et
al., 2014). El analisis isotdpico de aminoacidos respalda esta conexién trofica
al evidenciar una gradiente clara en la posicion trofica entre grupos funcionales,
consistente con una “escalera trofica” que refleja acoplamiento entre niveles
troficos intermedios (TP 2.5-3) y consumidores superiores (TP >3) (Chikaraishi
et al.,2009; Decima et al., 2017). Estas observaciones sugieren que la estructura
trofica integrada entre zooplancton y micronecton en la region de Concepcion
no solo refleja una alta conectividad entre estratos, sino también un mecanismo

eficiente de transporte vertical y lateral de carbono orgénico.

5.1. Condiciones ambientales y estructura de la comunidad de zooplancton
Las condiciones oceanograficas observadas reflejan la marcada
variabilidad ambiental que caracteriza al sistema de surgencia costera del

Pacifico suroriental, tanto en direccidén costa-océano como entre las regiones
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norte y sur. En las estaciones del norte, la marcada zonacion entre las capas
oxigenadas superficiales y los limites superiores de la ZMO estuvo asociada a
una estratificacion vertical de la abundancia de zooplancton, con una
disminucion progresiva hacia las capas mas profundas, probablemente
condicionada por la hipoxia, que limita la presencia o migracion de ciertas
especies sensibles (Escribano et al., 2009; Tutasi y Escribano, 2020). Por el
contrario, en la zona centro-sur, la columna de agua fue mas homogénea y la
deplecion de oxigeno ocurri6 a mayor profundidad, la distribucion vertical de
taxones fue mas uniforme, sugiriendo una mayor mezcla y una menor
restriccion ambiental para los migradores verticales.

El analisis de la estructura de tamafnio de la comunidad evidencid un
cambio sistematico con la profundidad, donde las clases de mayor tamafio
dominaron las capas superficiales y los organismos mas pequenos
predominaron en profundidad, tal como lo mostro la pendiente mas pronunciada
de los espectros de biomasa. Este resultado es consistente entre estaciones,
sugiere una composicion selectiva a lo largo de la columna de agua de acuerdo
con el tamafio, reflejando la organizacion trofica y la dindmica que se establece
entre las capas superficiales productivas y las zonas subsuperficiales mas pobres
en oxigeno. Las diferencias significativas en las pendientes de los espectros de
biomasa entre estaciones, especialmente entre T5 y T39, refuerzan la influencia
de las condiciones locales sobre la composicion y la estructura de la comunidad
del zooplancton.

En paralelo, en la zona centro-sur, la comparacion de las condiciones
fisico-biogeoquimicas entre estaciones costeras (St. 18, St.26 y St. 31) y
oceanica (St. 39) evidenci¢ la fuerte influencia del transporte lateral asociado a
la surgencia costera, lo que resalta la interaccion entre procesos fisicos y

bioldgicos en la configuracion de la comunidad. La surgencia costera,
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impulsada por el transporte de Ekman y la circulacién a mesoescala (p. ¢j.,
remolinos y filamentos), genera un gradiente transversal de productividad y
nutrientes que se refleja directamente en la estructura trofica y en la distribucion
del zooplancton (Hormazabal et al., 2013; Keister et al., 2009; Morales et al.,
2010; Muioz et al., 2023). Durante el periodo de muestreo (verano 2023), se
observo un gradiente claro de transporte Ekman desde la costa hacia el océano,
lo que sugiere una intensificacion progresiva del transporte inducido por el
viento. Este proceso, facilita la adveccion de materia orgéanica y nutrientes desde
las zonas de surgencia hacia el talud y areas oceanicas, contribuyendo a la
mantencion o distribucién de comunidades zooplancténica en regiones mas
oceanicas (Morales et al., 2010).

La homogeneidad isotopica observada en los valores de 6'°N-Phe entre
estaciones costeras y ocednicas (4.9-11.8%o) indica una fuente comun de
nitrégeno inorgdnico que alimenta la productividad primaria a lo largo del
transecto. Dado que la fenilalanina presenta un fraccionamiento tréfico minimo,
sus valores reflejan fielmente el origen del nitrégeno en el sistema (McCarthy
et al., 2007; McMahon & McCarthy, 2016). Este patron isotopico, junto con la
alta productividad costera y la evidencia de transporte lateral, respalda la
hipdtesis de que gran parte del material organico presente en el océano abierto
proviene de la zona de surgencia costera (Fernandez-Urruzola et al., 2023;
Gonzalez et al., 2023). La baja variabilidad en la linea base entre estaciones
refuerza la idea de un acoplamiento trofico en un gradiente costa-océano, donde
la produccion nueva costera sostiene comunidades peldgicas distantes mediante
el transporte de particulas y organismos.

En conjunto, estos resultados demuestran que la estructura trofica y la
distribucion del zooplancton estan moduladas no solo por los gradientes

verticales de oxigeno, temperatura y tamafio, sino también por los procesos
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fisicos de surgencia y transporte lateral que vinculan la alta productividad
costera con el ecosistema oceanico. Las estaciones costeras constituyen, por
tanto, zonas fuente de produccion biologica y materia orgdnica, mientras que
las estaciones de talud y oceédnicas actian como zonas de transferencia, donde
la interacciéon entre migracion vertical y transporte horizontal regula la
exportacion activa de carbono hacia el océano profundo. Este acoplamiento
fisico-biologico es esencial para comprender el papel del plancton en el ciclo
del carbono y en la dindmica trofica del ecosistema pelagico del Pacifico

suroriental.

5.2 Interacciones troficas y migracion vertical

Los resultados del TBI demostraron que la comunidad de
mesozooplancton presenta una distribucion vertical, donde ciertos grupos
taxondmicos actian como depredadores activos asociado a su mayor amplitud
de migracion, alta posicion trofica y su tamafio. La comparaciéon diurna
nocturna en la abundancia revel6 que grupos como copépodos ( Corycaeus sp.
y Oncaea sp. ), ostracodos, anélidos y quetognatos presentaron migraciones
verticales diarias mas amplias (>200 m), en tanto que otros organismos
presentan una amplitud de migracidon menor o nula, permaneciendo asi en los
primeros 100 m de la columna de agua. Esto sugiere que el acceso a recursos
para alimentacion y la distribucion de la materia orgéanica a lo largo de la
columna presentaria efectos que a su vez modulan la contribucion de cada grupo
del zooplancton en la exportacion activa de carbono.

Estos resultados concuerdan con estudios previos que destacan la
migracién vertical diaria como uno de los principales mecanismos de transporte
activo de carbono (Steinberg et al., 2000; Davison et al., 2013). Sin embargo, el

uso del TBI permiti6 demostrar que no todos los grupos zooplancténicos
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contribuyen de igual forma, y que la estructura tréfica, asi como la
diferenciacion en comportamientos migratorios son factores determinantes.
Este hallazgo afiade una perspectiva novedosa al conocimiento existente, al
mostrar que la eficiencia del transporte activo de carbono depende de la
interaccion entre la migracion vertical y la posicion tréofica.

Por su parte, la integracion de los analisis de isotopos estables de carbono
y nitrégeno evidenciaron un incremento progresivo de la posicion trofica desde
los estratos superficiales dominados por herbivoros hacia organismos
carnivoros y omnivoros de la zona mesopelagica. Este gradiente isotdpico
confirma que la migracion vertical conecta niveles troficos, reforzando la idea
de que la escalera trofica emerge como resultado de la interaccion entre
depredacion y migracidn vertical.

Particularmente, el micronecton represent6 un porcentaje mayor en flujo
de carbono vertical. Representantes de familias como Myctophidae, Stomiidae
y Sternoptychidae, presentaron posiciones troficas altas (>3) y una marcada
capacidad migratoria, lo que los convierte en intermediarios clave en la
transferencia de carbono. Estos resultados son consistentes con lo observado en
otros sistemas de surgencia y en el océano abierto, donde los peces
mesopelagicos se han identificado como actores fundamentales en el transporte
activo de carbono (Irigoien et al., 2014; Hernandez-Leon et al., 2020).

La comparacion con trabajos previos revela que, si bien la magnitud del
flujo de carbono puede variar entre regiones y estaciones, el patron general se
mantiene: la combinacion de zooplancton migrador y depredadores
mesopelagicos genera una via eficiente para transportar carbono desde la zona
eufotica hacia profundidades intermedias y profundas (Bianchi et al., 2013).
Nuestra investigacion contribuye al conocimiento existente al demostrar que,

en sistemas costeros altamente productivos, como la zona de surgencia del
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Pacifico suroriental, este mecanismo no solo esta presente, sino que adquiere
una importancia particular debido a la alta biomasa disponible y a la presencia

de una comunidad troficamente estructurada.

5.3 Flujo de carbono del zooplancton y micronecton

La integracion de biomasa, migracion diurna vertical y posicion trofica
permitié estimar la contribucioén de la escalera trofica al transporte activo de
carbono. Los resultados muestran que el flujo vertical no puede explicarse
unicamente por la migracion de organismos individuales, sino por la interaccion
entre diferentes niveles tréficos que redistribuyen carbono a lo largo de la
columna de agua.

Estudios previos han estimado que la migracion vertical de organismos
pelagicos puede contribuir entre un 10-30% del flujo total de carbono exportado
hacia la zona mesopeldgica (Davison et al., 2013; Steinberg & Landry, 2017).
Nuestros resultados se encuentran alrededor del 2.7% de la PPN, sin embargo,
en el caso de sistemas de surgencia, la eficiencia del transporte puede verse
incrementada por la presencia de una escalera tréfica bien definida, donde
depredadores de niveles superiores contintian el transporte vertical iniciado por
migradores de menor tamafio.

Este hallazgo tiene implicancias relevantes para la comprension de la
bomba biologica de carbono, ya que demuestra que la exportacion activa no
depende unicamente de procesos pasivos como la sedimentacion de particulas,
sino que es fuertemente modulada por la estructura y el comportamiento de la
comunidad pelagica.

La evidencia presentada en este estudio respalda la existencia de una
“escalera trofica” (Vinogradov, 1962) en el sistema de surgencia del centro-sur

de Chile, donde las interacciones presa-depredador que ocurren tanto en la zona
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costera como en el talud favorecen la transferencia secuencial de carbono
organico desde la produccidon superficial hacia las capas mas profundas.
Observamos que diferentes grupos de mesozooplancton (copépodos, eufausidos
y quetognatos) actian como mediadores primarios del transporte activo de
carbono, ya sea mediante migracion vertical o mediante el aprovechamiento de
POC. Estos flujos son posteriormente integrados por el micronecton, el cual
incorpora el carbono procedente del zooplancton migrador y sostiene niveles
troficos mas profundos dentro de la ZMO. Resultados similares han sido
reportados en otros sistemas de surgencia, como en la Corriente de California,
donde organismos migradores y peces mesopeldgicos aportan una fraccion
significativa al transporte vertical de carbono, funcionando como consumidores
de zooplancton migrador y, a su vez, como recurso para depredadores mayores,
configurando una estructura trofica escalonada (Kelly et al., 2019). Asimismo,
Anderson et al. (2019) sefialan que la biomasa de peces mesopeldgicos depende
en gran medida del flujo de carbono proporcionado por migradores verticales y
detritivoros que vinculan la produccion superficial con la zona mesopelagica.
Nuestros resultados son consistentes con estos hallazgos y sugieren que el
micronecton cumple un rol clave en la articulacion de esta escalera trofica,
acoplando la produccion superficial, que es transportada activamente por el
zooplancton migrador, con las comunidades que habitan las capas profundas y
pobres en oxigeno. Ademas, esta dinamica vertical se encuentra acoplada a un
transporte lateral desde la zona costera hacia el océano abierto, lo que refuerza
el papel del sistema de surgencia como un motor biogeoquimico que conecta la

superficie con el océano profundo.
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6. CONCLUSION

La variabilidad de las condiciones oceanograficas en la zona de surgencia
influye en la composicion de la comunidad de zooplancton a través de
respuestas a los cambios a la temperatura, las concentraciones de oxigeno
disuelto y la estratificacion de la columna de agua. Sin embargo, nuestros
resultados sugieren que la estructura tréfica del zooplancton esta determinada
principalmente por atributos ecoldgicos, tales como el tamafio, la migracion
vertical diaria y la posicion trofica. Estas caracteristicas pueden integrarse
eficazmente mediante el TBI, el cual se ha demostrado como un indicador
ecoldgico del zooplancton en sistemas de surgencia. El TBI proporciona asi una
clasificacion que permite comparaciones significativas entre diferentes
condiciones ambientales, al considerar no solo la presencia de determinados
grupos funcionales, sino también su contribucion relativa a en la estructura
comunitaria.

Por otra parte, el anélisis isotopico compuesto de aminoacidos reveld una
baja variabilidad en los valores de referencia de 6'°N-Phe entre estaciones
costeras y oceanicas, indicando un transporte lateral materia organica desde la
zona de surgencia hacia el océano. Considerando la relacion entre la produccion
costera y la ocednica esta conectada mediante el transporte por adveccion y
también por las comunidades del zooplancton en conjunto con el micronecton.
En este contexto, la migracidn vertical diaria contribuy6 al transporte activo de
carbono hacia capas profundas, aunque con diferencias en magnitud entre
grupos: el zooplancton aportdé un flujo relativamente bajo, mientras que el
micronecton domino el flujo vertical de exportacion de carbono debido a su

mayor biomasa y amplitud de migracion.
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En conjunto, estos resultados sugieren que el efecto combinado de las
interacciones tréficas y la migracion vertical constituye un mecanismo para la
transferencia de carbono orgénico desde la zona fotica hacia el océano
profundo. Ademas, demuestran que la organizacidon funcional de la comunidad
pelagica a través del TBI, es clave para comprender la dinamica ecolédgica que
vincula la alta productividad de la surgencia con la exportacion y secuestracion
de carbono en regiones oceéanicas profundas. Este mecanismo integrado
(transporte lateral, migracion vertical, interaccion trofica) resalta la importancia
de los organismos migradores como agentes esenciales en la bomba biologica
y en la conexion biogeoquimica entre la costa y el océano profundo.

El aporte de las comunidades de zooplancton y micronecton destaca los
roles complementarios de las interacciones presa-depredador y la migracion
vertical diaria como impulsores del flujo activo de carbono. Ya que estos
mecanismos fortalecen el vinculo entre la productividad superficial y las capas
profundas del océano, demostrando que conectan la produccidén impulsada por

la surgencia con el secuestro de carbono en el océano profundo.

The magnitude of fluxes determined in this study suggests that micronekton not only
supplements, but it largely exceeds the role of zooplankton in fueling deeper layers,

particularly under OMZ

La presente tesis provee apoyo a la hipotesis sobre la existencia de una
escalera trofica que promueve y acelera el flujo vertical de carbono orgénico
hacia el océano profundo. Sin embargo, se requieren estudios adicionales que
permitan establecer con mayor certeza las conexiones entre depredadores y sus
presas y sus correspondientes amplitudes de migracion. Estudios futuros
podrian incluir analisis complementarios sobre otros indicadores o marcadores

de depredador-presa, tales como anélisis de contenido estomacal sobre la base
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de marcadores moleculares, en conjunto a estimaciones de amplitud de

migracion.
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S1. Metada Multinet deployed during LowpHox II (Summer 2018) and S0296/2-Leg 1 cruise (Summer 2023).

VF: Filtred Volumen

Station Lat (°S) Long (°W) Date Time (h) Depth strata (m) VF (m?)
09:30 30-0 10
90-30 17
150-90 18
400-150 73
800-400 117
02:59 30-0 8
90-30 15
T5 -20.1 -70.5 04/02/2018 150-90 15
400-150 69
800-400 112
17:11 30-0 12
90-30 21
150-90 18
400-150 78
800-400 125
12:00 30-0 10
90-30 23
150-90 19
400-150 78
800-400 118
02:45 30-0 8
90-30 23
150-90 19
400-150 69
800-400 113
T3 -20.1 -70.3 05/02/2018 15:00 30-0 g
90-30 18
150-90 21
400-150 73
800-400 118
20:30 30-0 9
90-30 18
150-90 17
400-150 74
800-400 131
06:04 100-0 28
200-100 27
400-200 55
600-400 58
1000-600 86
07:28 100-0 32
200-100 27
400-200 55
T39 -36.4 -73.8 22/01/2023 600-400 56
1000-600 85
18:49 100-0 27
200-100 28
400-200 54
600-400 57
1000-600 83
20:07 100-0 28
200-100 27
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400-200 55
600-400 58
1000-600 86
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S2. Zooplankton identified by Zooscan analysis. COD: Abbreviation of identified taxa. A: Abundance absolute (ind. m~3). A%: Relative abundance. ESD: Equivalent Spherical
Diameter. The shaded section represents ~85% of zooplankton abundance.

T5 T3 T39
o COD- (ing’ oy A% ) faxa COD- 1043y A% Taxa COD- 11y mty A%

Smaller copepods COP_S 1039 439 0.6 |Smaller copepods COP S| 13868 394 0.6 |Smaller copepods CorP S| 4190 222 05
Calanus Cal 297 125 0.6 Large copepods COP L 6833 19.4 1.3 | Oithona Oit 406.0 215 0.5
Appendicularia APN 180 7.6 0.8 | Calanus Cal 5953 16.9 0.6 | Calanus Cal 312 16.5 0.8
Oncaea One 137 58 05 |Acartia Aca 2612 74 08 | Acartia Aca 191 101 07
Large copepods COPL 125 53 15 |Oncaca One 1809 | 5.1 05 |Oncaea Onc 108 | 57 06
Oithona Oit 111 4.7 0.5 | Corycaeus Cor 1542 44 0.6 |Ichthyoplankton (egss) HUE 106 56 1
Salpidae SAL 93 3.9 2.8 |Oithona Oit 1034 29 0.5 |Large copepods COP L 99 53 1.6
Siphonophora SIF 77 3.2 1.8 | Appendicularia APN 557 1.6 0.9 |Ostracoda OST 47 25 038
Hydrozoa HYD 57 24 2.4 |Briozoa BRI 299 >1 0.5 | Nauplius NAU 46 24 05
iggl;z)y"plankton HUE st 2 1 |Annclida ANE 211 >l L1 |Annelida ANE 41 22 12
Corycaeus Cor 46 1.9 0.5 |Euphausiacea EUF 89 >1 2.7 |Pteropoda PTE 35 1.9 05
Annelida ANE 28 12 08 %ggt:s‘;/"plankm HUE 79 >1  0.54 |Rincalanus Rin 22 1.1 24
Chaetognath QUE 28 1.2 1.6 | Chaetognath QUE 65 >1 1.7 | Appendicularia APN 14 >1 09
Acartia Aca 18 >1 0.7 |Ostracoda OST 56 >l 0.5 |Chaetognath QUE 11 >l 24
Nauplius NAU 18 >1 0.5 |Decapod larva (zoea) DEC 47 >1 0.9 |Cladocera CLA 10 >1 05
Cladocera CLA 15 >1 0.6 |Hydrozoa HYD 43 >1 1.9 |Decapod larva (zoea) DEC 4 >1 1
Ostracoda OST 13 >1 0.7 | Siphonophora SIF 23 >1 1.8 | Foraminifera FOR 4 >l 04
Pteropoda PTE 11 >1 1 | Nauplius NAU 12 >1 0.7 | Anfipoda ANF 3 > 1.8
Briozoa BRI 11 >1 0.6 Pteropoda PTE 12 >1 0.4 Euphausiacea EUF 2 >1 4.6
Anfipoda ANF 4 >l 2.6 |Salpidae SAL 8 >1 1.5 |Salpidae SAL 2 > 1.8
Euphausiacea EUF 4 >1 3.1 | Rincalanus Rin 7 >1 1.6 | Corycaeus Cor 1 >l 0.6
Decapod larva (zoea) DEC 3 >l 0.8 |Foraminifera FOR 6 >1 0.4 |Echinoidea larva ECH 1 > 0.5
Foraminifera FOR 2 >1 0.5 | Anfipoda ANF 1 >1 3.4 | Stomatopod EST 1 > 0.6
Ctenofora CTE 1 >1 2.4

Paralarvae CEF 1 >1 43

102



S3. T-test comparing different sample pairs across stations, diel periods (Day/Night), and

depth strata for T3, TS, and T39. The table presents the t-value and corresponding p-value for

each comparison. Significant p-values (p < 0.05) are highlighted in red.

T-test variable Pair-sample t-value p-value
Station T3 vs TS -1.15 0.13
T3 vs T39 1.38 0.09
T5 vs T39 2.49 0.01
Day/Nigth d T3vsn T3 0.38 0.36
d TSvsn TS -0.74 0.24
d T39 vsn T39 -0.35 0.37
Depth strata T3 30-0 vs 90-30 1.85 0.16
30-0 vs 150-90 13.64 0.00
30-0 vs 400-150 4.23 0.07
30-0 vs 800-400 3.34 0.09
90-30 vs 150-90 2.12 0.14
90-30 vs 400-150 0.82 0.25
90-30 vs 800-400 2.06 0.09
150-90 vs 400-150 -1.74 0.17
150-90 vs 800-400 1.16 0.23
400-150 vs 800-400 1.71 0.17
Depth strata TS 30-0 vs 90-30 5.04 0.02
30-0 vs 150-90 1.11 0.23
30-0 vs 400-150 1.77 0.16
30-0 vs 800-400 248 0.12
90-30 vs 150-90 0.29 0.41
90-30 vs 400-150 0.66 0.31
90-30 vs 800-400 0.82 0.28
150-90 vs 400-150 0.16 0.44
150-90 vs 800-400 0.10 0.47
400-150 vs 800-400 -0.10 0.46
Depth strata T39 100-0 vs 200-100 11.01 0.03
100-0 vs 400-200 3.10 0.10
100-0 vs 600-400 1.00 0.25
100-0 vs 900-600 1.41 0.20
200-100 vs 400-200 -5.21 0.02
200-100 vs 600-400 -5.44 0.02
200-100 vs 900-600 -2.01 0.15
400-200 vs 600-400 -1.05 0.20
400-200 vs 900-600 0.32 0.40
600-400 vs 900-600 0.86 0.27
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S4. Analysis of variance (ANOVA) results testing the effects of station, depth
strata, and size fraction on bulk 6'*N and 6"*C values. Significant results (p <0.05)
are marked with an asterisk (*). Depth strata and size fraction analyses were
conducted separately for stations T3/T5 (') and T39 (?).

Df

Df

F

Source of variation Variable (Factor) (Residual)  value p-value

Station 6N 2 58 5.8 <0.001*
813C 2 58 343 <0.001%*

Depth strata o15N! 4 37 53  0.002%*
! 4 37 2.1 0.1
815N? 4 14 12.5 <0.001*
813C? 4 14 1.1 0.4
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S5. Summary of the stepwise linear regression model explaining the variability of the Trophic Behavior
Index (TBI) as a function of temperature (T), dissolved oxygen (DO), and chlorophyll-a (Chl-a). The
table shows the source of variation, degrees of freedom (Df), sum of squares (SS), F-statistics, partial R?,
and p-values. Only variables retained in the final model (T and DO) are shown with statistical values.
Chlorophyll-a was excluded during the model selection process.

Source of Variation Df Sum Sq (SS) F value R? p-value
T (°C) 1 1.5854 15.98 0.0615 8.57e-05
DO (umol Kg™) 1 0.2442 2.22 0.0047 0.138
Chl-a (mg m?) - - — - —
Residuals 235 25.843 — 0.9338 —
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S6. Principal Component Analysis (PCA) biplot showing the ordination of samples based on environmental
variables: Temperature (T °C), dissolved oxygen (DO pmol Kg'), and Chlorophyll-a concentration (Chl-a mg
m™). Arrows represent the direction and strength of each variable's contribution to the principal components.
PC1 and PC2 explain 44.6% and 34.3% of the total variance, respectively.
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Fig. S7. The relationship between the Trophic Behavior Index (TBI) and temperature (A), and between
TBl and the First Principal Component (PC1) (B) after a PCA analysis including the independent factors
temperature, dissolved oxygen and Chl-a of the zooplankton community sampled at 3 stations in the
northern and southern upwelling region of Chile.
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This Supporting Information provides detailed isotopic and amino acid data
(Table S1), mesozooplankton biomass by depth and station (Table S2), and
migrant biomass estimates (Table S3). These data complement the analyses
presented in the main text. Non-determined (n.d.) values indicate samples that
could not be analyzed due to insufficient material or low ion signal (< 100 mV).



Table S1. Isotopic and amino acid composition of zooplankton, and micronekton samples collected across depth strata (m). The table includes bulk 6N (%o), 6"*C (%o), and
C:N values, 6"°N of trophic, source and the metabolic amino acid . Additionally, baseline-corrected 3'°N values of Phe (PheC) are presented across different sizes (um). n.d.
indicates non-determined values due to insufficient sample material for derivatization or values below the reliable detection threshold for ion signals in the mass spectrometer

(>100 mV).
Source AA
Depth strata ) Bulk Trp AA "N N Metabolic AA 515N
Sample St (m) Size (um) PheC
05N (%0) o6BC (%0) C:N  Ala Asx GIx Ile Leu Pro Val Phe Lys Thr

Zoopl. St. 18 60-20 200-500 14.7 -16.7 4.4 259 183 23.7 nd 19.6 183 nd 11.2 11.9 n.d 10.6
60-20 500-1000 14.2 -17.5 4.7 244 189 247 nd 179 195 nd 11.3 9.9 n.d 10.6

60-20 1000-2000 13.8 -17.7 5.6 237 184 242 nd 159 203 nd 10.3 10.8 5.5 9.6

20-0 200-500 14.0 -6.7 4.2 258 18.0 252 nd 163 192 nd 10.6 10.9 1.8 9.8

20-0 500-1000 13.9 -8.6 4.7 253 18.7 239 nd 169 168 19 10.8 4.0 5.7 10.2

20-0 2000-5000 13.6 -17.2 5.2 264 19.7 252 nd 17.8 16.8 23.7 10.7 3.5 34 10.0

20-0 1000-2000 13.7 -17.7 3.7 248 17.1 244 nd 165 193 nd 11.3 9.2 3.9 10.6

St. 26 80-20 200-500 13.6 -17.1 4.5 21.5 182 23.1 nd 17.2 19.8 nd 11.9 7.7 n.d 114
80-20 500-1000 12.8 -17.0 4.7 214 17.0 222 nd 164 152 nd 11.4 4.4 n.d 10.9

80-20 2000-5000 13.3 -16.9 4.2 241 189 243 pnd 164 164 nd 11.2 5.4 n.d 10.6

80-20 1000-2000 13.3 -16.8 4.2 222 184 245 nd 159 187 nd 10.6 8.8 n.d 9.9

20-0 200-500 13.1 -18.0 5.4 21.7 184 235 nd 157 20.0 nd 11.0 9.1 n.d 10.4

20-0 500-1000 12.5 -19.0 7.0 22.8 18.1 229 nd 164 158 nd 10.5 2.9 n.d 9.9

20-0 2000-5000 13.8 -17.9 5.9 287 193 273 nd 17.8 21.1 nd 10.0 8.4 n.d 9.0

20-0 1000-2000 12.9 -18.2 5.0 23.5 20.0 256 nd 182 213 nd 10.4 9.3 n.d 9.7

St. 31 200-80 200-500 13.5 -17.6 4.3 256 184 236 nd 20.1 192 nd 9.1 10.8 n.d 8.4
200-80 500-1000 14.1 -18.2 4.3 28.8 19.0 253 nd 20.0 20.7 nd 11.2 9.8 n.d 10.5

200-80 2000-5000 13.4 -17.1 3.9 23.0 19.7 23.8 nd 17.7 19.6 nd 10.6 10.9 n.d 9.9

200-80 1000-2000 14.0 -17.0 3.9 245 18.6 241 nd 17.8 197 nd 10.3 12.1 n.d 9.7

80-25 200-500 13.2 -16.4 4.5 269 19.0 234 nd 13.6 195 nd 9.3 8.5 n.d 8.6

80-25 500-1000 13.4 -18.0 5.0 264 19.1 234 nd 157 20.1 20.5 9.3 11.3 5.8 8.6

80-25 2000-5000 14.0 -17.3 4.1 27.8 18.5 232 nd 165 194 20.6 8.7 10.4 -2.6 8.0

80-25 1000-2000 14.5 -17.2 4.4 27.5 182 229 nd 158 184 nd 9.4 11.1 n.d 8.8

25-0 200-500 13.4 -17.7 4.6 24.1 16.5 223 nd 157 18.8 21.3 9.7 11.2 8.2 9.1

25-0 500-1000 13.7 -17.6 4.5 232 17.0 21.7 nd 173 13.0 nd 9.6 1.8 n.d 9.1

25-0 2000-5000 13.7 -17.4 5.0 294 21.6 289 nd 202 153 nd 11.4 3.1 n.d 10.5



25-0 1000-2000 13.5 -17.9 4.2 27.0 20.7 244 nd 173 19.7 194 9.5 7.3 3.4 8.8

Table S1. Be continued

Source AA
Depth strata ) Bulk Trp AA "N N Metabolic AA  §i5N
Sample St (m) Size (um) PheC
05N (%0) oOBC (%0) C:N Ala Asx GIx Ile Leu Pro Val Phe Lys Thr

St.39  1000-600 200-500 15.6 -17.7 5.0 28.2 23.1 285 nd 24.0 25.7 26.1 11.9 12.9 0.2 11.3
1000-600 500-1000 16.1 -17.5 4.6 28.8 23.0 289 nd 23.6 17.5 25.1 12.6 4.6 1.9 12.0
1000-600 1000-2000 15.2 -17.8 4.5 279 232 282 nd 214 204 22.7 11.5 4.5 -1.4 10.8
1000-600 2000-5000 14.1 -18.2 4.1 272 203 248 nd 188 14.1 203 11.5 3.3 -0.3 11.0
600-400 200-500 16.3 -17.6 4.6 28.6 22.0 274 nd 240 249 239 8.6 13.2 -0.9 7.8
600-400 500-1000 15.8 -17.8 4.2 27.8 222 258 nd 224 128 nd 11.0 4.0 -1.9 10.4
600-400 1000-2000 15.1 -17.9 4.9 26.7 229 267 nd 23.1 133 27.1 11.5 4.2 -2.6 10.8
600-400 2000-5000 15.7 -17.7 4.1 259 18.7 228 nd 17.1 192 204 10.7 8.7 -0.1 10.2
400-200 200-500 15.7 -17.3 44 27.6 222 273 nd 224 240 nd 103 126 3.0 9.6
400-200 500-1000 16.1 -17.4 4.3 28.3 21.5 257 nd 225 143 nd 10.7 2.1 -0.9 10.0
400-200 1000-2000 15.0 -18.1 4.5 273 21.4 26.7 nd 20.8 23.5 21.8 6.1 12.0 -0.2 5.1
400-200 2000-5000 15.6 -18.3 4.4 29.0 21.0 264 nd 18.8 21.6 nd 6.8 6.1 -4.0 6.0
200-100 200-500 15.5 -17.3 4.4 28.0 21.9 274 nd 209 23.8 23.5 11.0 13.9 3.1 10.3
200-100 500-1000 15.0 -17.7 43 28.6 22.8 283 nd 222 24.0 234 11.8 14.0 8.4 11.1
200-100 1000-2000 14.7 -17.9 4.5 27.1 21.1 269 nd 18.7 22.1 nd 11.7 13.0 n.d 11.1
100-0 200-500 13.2 -17.1 4.1 245 189 235 nd 159 20.7 19.8 10.1 12.0 5.5 9.6
100-0 500-1000 13.6 -16.8 4.1 262 20.7 23.8 18.1 18.1 11.2 19.3 10.1 2.5 9.7 9.6
100-0 1000-2000 13.5 -18.0 4.5 26.8 21.9 248 17.5 18.1 21.1 19.3 104 134 4.7 9.8
100-0 2000-5000 13.3 -17.4 3.6 27.1 22.0 253 16.5 19.2 209 20.1 11.2 8.6 3.0 10.6
Micron. St.39  1000-600 2.0x10° 15.8 -18.1 3.5 31.2 242 324 23.6 264 28.0 27.2 9.7 12.1 -10.6 8.5
1000-600 1.7x10° 16.1 -18.5 35 30.6 23.8 309 253 264 27.7 254 9.7 12.3 -12.6 9.4
1000-600 1.4x10° 16.7 -17.6 34 324 25.8 34.0 nd. 293 29.7 25.8 9.3 13.0 -11.0 7.6
1000-600 2.5x10% 17.7 -19.0 3.2 346 247 32.6 28.0 28.8 273 285 9.0 12.7 -124 8.5
1000-600 2.0x10* 18.2 -18.7 3.5 349 258 37.6 30.2 313 274 31.8 10.2 6.5 -13.0 8.3
1000-600 4.3x10* 18.5 -18.2 33 30.9 244 296 nd 27.8 29.2 229 9.0 11.5 -10.7 7.9
1000-600 5.3x104 17.9 -18.5 3.4 294 250 296 ng 27.8 27.1 272 12.2 13 -6.2 11.2
1000-600 6.0x10* 17.8 -19.0 3.5 32.5 234 33.1 27.6 27.5 31.7 28.2 10.7 11.5 -15.7 7.8



600-400 4.9x10* 17.0 -19.2 5.6 30.6 25.2 33.6 24.8 27.7 31.9 26.9 11.1 14.2 -10.2 9.7
600-400 5.2x10% 17.1 -19.0 5.7 31.7 259 34.7 27.6 28.5 32.8 259 11.3 14.3 -10.4 10.0
600-400 6.0x10* 17.1 -19.4 6.1 31.6 25.6 29.0 26.9 28.5 31.9 274 104 134 -9.8 94
Table S1. Be continued
Source AA
Depth strata Bulk Trp AA 35N 35N Metabolic AA  §isN
Sample St (m) Size (um) PheC
0N (%0) 0C (%) C:N  Ala Asx GIx Ile Leu Pro Val Phe Lys Thr

600-400 5.3x10* 15.9 -17.8 3.2 29.6 249 280 nd 273 294 25.1 8.9 8.1 -8.8 7.8
600-400 8.8x10* 17.4 -20.6 7.1 31.8 24.1 29.0 4 28.0 209 26.8 11.6 3.3 -6.1 10.7
600-400 9.4x10* 18.2 -20 6.8 31.8 24.1 293 nd 284 28.9 29.0 9.3 12.8 -7.8 8.2
600-400 9.7x10* 18.3 -19.4 59 33.8 23.8 30.0 4 285 30.6 29.5 7.9 12.2 -6.7 6.7
400-200 6.1x10* n.d n.d n.d 29.1 234 28.2 26.2 26.6 30.8 24.7 9.3 12.2 -10.2 8.3
400-200 4.4x10* 17.3 -18.0 3.1 30.2 23.5 31.1 249 27.1 299 272 9.7 11.9 9.4 8.5
400-200 3.2x10* 17.4 -18.1 3.1 30.4 242 262 nd 27.0 30.3 28.6 9.2 13.6 -7.2 8.2
400-200 6.2x10* 16.5 -19.8 6.2 33.0 25.7 30.8 27.4 29.3 31.5 27.7 10.2 7.9 -10.1 9.00
400-200 6.7x10% 17.1 -19.5 6.1 299 21.6 272 pnd 262 28.5 28.7 7.7 11.2 -6.5 6.7
400-200 7.9x10% 17.6 -19.0 5.7 31.0 22.5 27.8 pnd 26.6 28.6 26.7 8.1 12.1 -1.7 7.1
400-200 3.5x10* 16.4 -17.8 3.1 31.2 242 299 nd 28.2 28.9 26.7 7.9 12 nd 6.7
400-200 3.6x10% 16.3 -17.7 3.1 342 262 30.8 pnd 25 244 27.1 9.9 11.5 -8.3 8.7
400-200 3.8x10* 16.9 -18.1 3.1 33.8 259 30.1 24.1 252 254 270 10.3 11.3 -8.6 9.2
400-200 4.7x10* 16.1 -17.9 3.1 32.0 249 333 25.1 27.7 249 27.8 8.6 6.0 -10.1 7.2
200-100 6.1x10* 16.6 -19.7 54 36.2 28.1 32.5 22.6 26.5 24.6 27.7 9.8 11.4 -10.7 8.6
200-100 6.7x10% 17.0 -19.1 5.8 29.3 22.1 27.1 pnd 25.1 273 27 8.9 11.7 -12.0 8.0
200-100 8.9x10% 17.8 -19.8 6.3 303 22.6 27.7 nd 27.1 274 nd 9.8 10.7 9.2 8.8
100-0 8.0x10* 16.9 -19.1 5.4 322 25.6 36.8 28.1 29.3 33.1 27.2 9.1 13.7 -10.5 7.4
100-0 7.5x10* 16.7 -19.9 6.2 33.8 28.1 323 26.3 272 27.0 27.6 8.8 13.6 -12.6 7.4
100-0 7.2x10* 17.5 -19.3 5.7 29.1 23.9 30.1 21.1 254 30.6 22.8 8.6 10.9 -1.5 7.4




Table S2. Mesozooplankton biomass (ug C m-?) by station (St) and depth stratum (Depth) during the
study period. Values correspond to the biomass estimated from samples collected at each station, with
day and night conditions distinguished at Station 39.

St Depth (m) Biomass (ug C m?)
St. 18 20-0 39,369.3
80-20 6,69.8
St. 26 20-0 3,646.5
80-20 2,666.0
St. 31 25-0 5,465.0
80-25 16,078.6
200-80 964.0
St. 39 (day) 100-0 1,554.8
200-100 373.0
400-200 1,121.8
600-400 650.0
900-600 256.5
St. 39 (night) 100-0 2,602.6
200-100 298.4
400-200 710.3
600-400 992.2

900-600 617.5




Table S3. Migrant biomass (MB) calculated as nighttime minus daytime zooplankton
and micronekton biomass (mg C m?) across depth strata at St. 39.

Biomass (mg C m?)

-2
Sample Depth strata (m) Day Night MB (mg C m™)
Zooplankton 100-0 104.8 180.4 75.6
200-100 10.7 14.1 34
400-200 145.8 79.6 66.1
600-400 74.9 114.2 39.3
900-600 39.2 113 73.7
Micronekton 100-0 464.5 1,051.2 586.8
200-100 1,238.6 30.0 1,208.6
400-200 3,108.5 286.8 2,821.7
600-400 7,132.6 4,750.8 2,381.8

1000-600 1,953.4 1,270.4 683.0




