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RESUMEN

Exportacion de carbono debido a la migracion vertical diaria del zooplancton y su rol en la

eficiencia de la bomba biologica en la region del Pacifico Sur Oriental.
Pritha Lila Tutasi Lopez
2020
Dr. Rubén Escribano, Profesor Guia

En el océano, varios procesos mediados por el zooplancton pueden incrementar o
limitar los flujos verticales de carbono (C) y, por lo tanto, regular el funcionamiento de la
bomba bioldgica de C. El transporte pasivo de particulas de carbono organico y el
transporte activo a través de la migracion vertical diaria (MVD) son dos de los procesos
principales que contribuyen a esta exportacion. El zooplancton migrante transporta la
materia organica ingerida cada noche desde la superficie hasta las profundidades de
residencia diurna, desempefiando asi un papel clave en el flujo descendente de C. Sin
embargo, los principales esfuerzos de investigacion se han centrado principalmente en el
transporte pasivo de C, evaluando parcialmente la importancia del transporte activo en la
bomba bioldgica, particularmente en términos del balance global de C. La magnitud y la
importancia de este flujo de C también pueden depender del tamafio y la estructura
taxondmica del zooplancton migrante. Sin embargo, no se ha abordado adecuadamente el
impacto que una estructura comunitaria variable puede tener sobre el flujo descendente de
C mediado por el zooplancton. Este efecto taxondmico puede llegar a ser clave en los
sistemas de surgencia de borde oriental (altamente productivos), donde se encuentran altos
niveles de biomasa de zooplancton en la zona costera los cuales estan compuestos por una
comunidad diversa con comportamiento variable de MVD. En estos sistemas, la presencia
de una zona de minimo de oxigeno subsuperficial (ZMO) puede imponer una restriccion
adicional a la migracion vertical y, por lo tanto, influir en la exportacion descendente de
C.
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El objetivo de esta investigacion fue determinar la contribucion del transporte
vertical activo al flujo de C, producto de la MVD del zooplancton y su relacion con la
estructura comunitaria del Pacifico Sur Oriental (PSO). Este proyecto plante6 como
hipdtesis central que la composicidn taxonémica y estructura de tamafio del zooplancton
migrante determinan la eficiencia del transporte activo de C al flujo total de carbono en la
zona de surgencia frente al norte de Chile y como hipotesis alterna que el transporte activo
de C producto de la MVD es modulado por la variacion espacial-temporal de la Zona
minima de oxigeno (ZMO). Para someter a prueba esta hipotesis, el estudio analizo la
informacion oceanografica y muestras de zooplancton derivadas de los cruceros
LOWPHOX | (2015), y LOWPHOX 11 (2018).

La MVD de la comunidad de zooplancton en diferentes fracciones de tamafio (>2
mm, 2-1 mm, 1-0.5 mm y 0.5 a 0.2 mm) fue evaluada y mediciones de biomasa,
fluorescencia de particulas en el sistema digestivo y actividad del sistema de transferencia
de electrones (ETS) se estimaron en perfiles verticales (0-800 m). Evaluaciones de las
tasas metabolicas fueron realizadas a partir de incubaciones experimentales y relaciones
empiricas publicadas. Finalmente se estim¢ el flujo activo de C en la zona mesopelagica
mediado por el zooplancton migratorio, el cual fue comparado con los datos de flujo
gravitacional de particulas recopilados en esta region del PSO.

El analisis automatizado de las muestras de zooplancton permitié estimar la
composicion y biomasa migrante por taxa y tamafio, asi como su amplitud de migracion.
Los resultados mostraron que la distribucién vertical del zooplancton y la variabilidad
diurna de su biomasa fueron determinados por la ZMO, de modo que las mayores
abundancias y biomasa se concentraron en las capas superiores, seguidas de una abrupta
disminucion en el nucleo de la ZMO. Los copépodos y la mayoria de los depredadores
fueron capaces de realizar MVD, incluso en hipoxia severa, aunque con una moderada
MVD y menor profundizacion, como ocurrio en los copépodos durante el verano austral.
Los migrantes fuertes como los copepodos eucalanidos y los eufausidos exhibieron una
gran amplitud de migracién (~500 m), permaneciendo temporal 0 permanentemente
dentro del ndcleo de la ZOM vy contribuyendo asi a la liberacion de C por debajo de la
termoclina. La distribucion vertical de las diferentes clases de tamafio de zooplancton y su

migracion vertical diaria hacia el nucleo de la ZMO durante periodos prolongados (tanto
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de dia como de noche) proporcionan evidencia del papel ecoldgico que la zona de minimo
de oxigeno puede desempefar para el comportamiento de la MVD como mecanismo para

reducir el riesgo de depredacion.

El flujo promedio de C producto de la MVD del zooplancton calculo a través de
aproximaciones empericas y aproximaciones experimentales sugiere que en promedio una
biomasa migrante promedio de 322 mg C m™ puede contribuir con aproximadamente
48,11 mg C m2 dta través de la respiracion, el flujo intestinal, la mortalidad parcial y la
excrecion de C en profundidad, lo que representa aproximadamente 2% de la produccion
primaria neta y un 33% del flujo pasivo producido en esta region. Estos resultados
evidencian la existencia de un mecanismo eficiente para incorporar C recién producido a
la ZMO. Sin embargo, este flujo descendente de C mediado por el zooplancton es
espacialmente variable y depende principalmente de la variabilidad de la ZMO, asi como
de la estructura taxonomica debido a la amplitud de migracion variable y el
comportamiento de MVD.
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Abstract

Carbon export by vertically migrating zooplankton and its role in the efficiency of the

biological pump in the Eastern South Pacific region.
Pritha Lila Tutasi Lopez
2020
Dr. Rubén Escribano, Advisor

In the ocean, several processes mediated by zooplankton can enhance or limit the vertical
fluxes of carbon (C) and thus regulate the functioning of the biological C pump. Passive C
transport or gravitational flux and active C transport through daily vertical migration (DVM) are
two of the main processes that contribute to the C export. Diel vertically migrating zooplankton
can transport organic matter (ingested at night) from near surface water to their deeper depths of
diurnal residence, and so playing a key role in the downward C flux. However, the major research
efforts have been focused mainly on passive C transport, and only partially evaluating the
importance of active transport in the biological pump, particularly in terms of the global C
budget. The magnitude and importance of this flux of C also may depend on the size and
taxonomic structure of the migrant zooplankton, but the impact that a variable community
structure can have on zooplankton-mediated downward C flux has not been properly addressed.
This taxonomic effect may become critically important in highly productive eastern boundary
upwelling systems (EBUS), where high levels of zooplankton biomass are found in the coastal
zone and composed by a diverse community with variable DVM behavior. In these systems,
presence of a subsurface oxygen minimum zone (OMZ) can impose an additional constraint to

vertical migration and so influence the downward C export.

The aim of this research was to determine the contribution of active vertical transport to

the C flux, as product of the DVM of zooplankton and its relationship with the community
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structure of the Eastern South Pacific (ESP). This thesis proposed as a central hypothesis that the
taxonomic composition and size structure of the migrating zooplankton can affect the active
transport of C with respect to the total carbon flux in the upwelling zone off the north of Chile.
The alternative hypothesis was that the active transport of C product of the DVM in the upwelling
is modulated by the spatial-temporal variation of the OMZ distribution in the upwelling zone off
northern Chile. To test the hypothesis, this study analyzed oceanographic information and
zooplankton samples derived from the LOWPHOX | (2015), and LOWPHOX I1 (2018) cruises.

Automated analysis of zooplankton composition and taxa-structured biomass allowed us
to estimate daily migrant biomass by taxa and their amplitude of migration. The results showed
that the vertical distribution and diurnal variability of zooplankton biomass are disturbed by the
OMZ, such that most of the taxa had highest abundance and biomass in the upper layers,
followed by an abrupt decrease in OMZ core. However, copepods and most predators were
capable for performing DVM, even upon severe hypoxia, although with a moderate DVM and
deepening, as occurred in copepods during the austral summer. Strong migrants, such as
Eucalanidae copepods and euphausiids exhibited a large migration amplitude (~500 m),
remaining either temporarily or permanently within the core of the OMZ and thus contributing
to the release of C below the thermocline. The vertical distribution of the different size classes
and the diel vertical migration into the OMZ core for prolonged periods (both day and night)
provided evidence for the ecological role that the oxygen minimum zone can play for DVM

behavior as a mechanism to reduce predation risk.

DVM-mediated C flux both empirical and experimental approximation suggested that a
mean migrant biomass of ca. 322 mg C m d** may contribute with about 48.11 mg C m? d™to
the OMZ system through respiration, gut flux, partial mortality, and C excretion at depth,
accounting for ca. 2% of the net primary production, implying the existence of an efficient
mechanism to incorporate freshly produced C into the OMZ. This downward C flux mediated by
zooplankton is however spatially variable and mostly dependent on the taxonomic structure due

to variable migration amplitude and DVM behavior.

XVi



1. INTRODUCCION
1.1. Pacifico Sur Oriental (PSO)

El Océano Pacifico Sur Oriental (PSO) donde se localiza el Sistema de la Corriente de
Humboldt (SCH), es uno de los sistemas mas productivos de los océanos del mundo, (Fuenzalida
et al., 2009; Schneider et al., 2007). EI SCH se extiende a lo largo de la costa del PSO, desde el
sur de Chile (~42°S) hasta Ecuador, caracterizado por un flujo predominante hacia el norte de
aguas superficiales de origen subantértico y un fuerte proceso de surgencia de Aguas
Ecuatoriales Subsuperficiales (AESS) frias y ricas en nutrientes (Thiel et al., 2007). Frente al
norte de Chile, la surgencia se caracteriza por ser permanente, favoreciendo la generacion de
altos niveles de produccién primaria y secundaria (Marin et al., 1993). La alta productividad
bioldgica sustenta importantes poblaciones de peces y desempefian un papel en la regulacién
del clima a través del intercambio de CO: entre la atmdsfera y el océano superficial, asi como
en la transferencia de carbono organico (CO) hacia el océano profundo (Quinones et al., 2003;
Escribano et al., 2004; Hidalgo et al., 2005; Thiel et al., 2007; Fuenzalida et al., 2009; England
et al., 2014). Estas caracteristicas lo convierten en un importante escenario en términos de

reconstruccion del balance de carbono en escala regional (Mayzaud y Pakhomov, 2014).

En el sistema de surgencia frente al norte de Chile, la alta produccion primaria (Fig. 1),
que posteriormente se descompone en la columna de agua genera un alto consumo de oxigeno
disuelto, que sumado a la lenta ventilacion produce una zona minima de oxigeno (ZMO)
permanente (Paulmier et al., 2006; Ulloa y Pantoja, 2009). De acuerdo a los estudios realizados
en el PSO (Escribano et al., 2004, 2009; Fuenzalida et al., 2009; Hidalgo et al., 2005; Molina 'y
Farias, 2009; Morales et al., 1996; Paulmier et al., 2006; Ulloa y Pantoja, 2009), la ZMO esta
asociada con el Agua Ecuatorial Subsuperficial (AESS), que es transportada de norte a sur a lo
largo del talud continental por la Subcorriente Per(-Chile hasta el sur (48°S). La estructura
vertical de la ZMO ha sido definida generalmente como extensa (5 a 800 m), con una oxiclina
intensa (>1 uM/m) y concentraciones minimas de oxigeno que alcanzan valores <1 uM en el
nucleo de la ZMO. Su limite superior se localiza entre 25 a 50 m de profundidad frente a las

costas de Per( y norte de Chile, respectivamente (Paulmier et al., 2006).



Figura 1. Pacifico Sur Oriental: Distribucion de la Zona Minima de Oxigeno. ElI sombreado
rojo representa el volumen oceanico con concentraciones de oxigeno por debajo de 23 pmol/kg
(Tomado de De Pol-Holz et al., 2007).

Los estudios llevados a cabo en esta region durante las dos ultimas décadas (Judkins,
1980; Escribano, 1998; Hidalgo, 2000; Apablaza y Palma, 2006; Hidalgo et al., 2005; Escribano
etal., 2009, 2012; Escribano y Yafiez et al., 2012) han mostrado que aguas superficiales de bajo
contenido de oxigeno pueden ejercer una presion fisioldgica sobre los organismos pelagicos y
bentdnicos, tanto en términos de biomasa como en términos de productividad o diversidad
especifica, asi como limitaciones a la MVD de los organismos zooplancténicos. Sin embargo,
se ha observado que los organismos zooplancténicos desarrollan adaptaciones fisiologicas y/o
de comportamientos especiales para subsistir en condiciones de minimo oxigeno,
permaneciendo presentes y activos dentro de la ZMO ( Hidalgo et al., 2005; Apablaza y Palma,
2006; Ulloa y Pantoja, 2009; Herrera et al., 2019) . Escribano et al. (2009) identificaron las
principales especies de zooplancton que viven en estrecha asociacién con la ZMO entre ellas el
copépodo endémico y abundante Eucalanus inermis y el eufausido también endémico
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Euphausia mucronata, sugiriendo que las migraciones verticales dentro y fuera de la ZMO por
algunas de estas especies particularmente E. mucronata, contribuyen significativamente al

aporte de carbono en aguas subsuperficiales con bajo contenido de oxigeno.

1.2. Zooplancton y su rol en la bomba biol6gica

La bomba biolégica de carbono desempefia un papel importante en la regulacion de los
niveles de COz en la atmdsfera (Cavan et al., 2017; Giering et al., 2014). El fitoplancton en
superficie convierte el carbono inorganico durante la fotosintesis en carbono organico
particulado (COP), una fraccion de este es exportado hacia el océano profundo. A medida que
las particulas se hunden a través del océano interior, estan sujetas a la remineralizacion por parte
de los heterétrofos, de modo que solo una pequefia proporcién del COP producido en la

superficie llega al océano profundo (Martin et al., 1987).

En este contexto, el zooplancton cumple un rol importante y bien documentado en la
bomba bioldgica (Berelson et al., 1997; Steinberg et al., 2002; Frangoulis et al., 2005; Escribano
et al., 2007; Gonzélez et al., 2004; Hansen y Visser, 2016; Cavan et al., 2017), ya que puede
consumir y transformar completamente las particulas alimentandose en superficie (por pastoreo
directo sobre fitoplancton o alimentandose de consumidores del microzooplancton) (Lampitt et
al., 1993). El pastoreo por el zooplancton da como resultado que el COP pase a través del
intestino y sea egestado produciendo pellets fecales de hundimiento rapido que contribuyen
significativamente al flujo de exportacion de carbono (Cavan et al., 2017) (Fig.2). Por ejemplo,
el mesozooplancton puede procesar hasta el 40% de la produccién primaria (Steinberg and
Landry, 2017). Su posicion central en la red alimentaria lo convierte en un vinculo trofico clave
entre productores primarios y niveles troficos mas altos (peces), asi como con recicladores que
transforman el carbono particulado y nutrientes en “pools” disueltos. El zooplancton por lo tanto
participa activamente en los procesos de reciclamiento, redistribucion y re-empaquetamiento de
carbono y nutrientes, no solo a diferentes niveles en la red trofica, sino también horizontal y
verticalmente en la columna de agua, lo cual mejora o limita los flujos verticales de carbono,
regulando de esta manera la eficiencia de la bomba bioldgica (Gonzélez et al., 2004; Steinberg
et al., 2008; Darnis y Fortier, 2012; Ariza et al., 2015). Otros procesos mediados por el
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zooplancton incluyen la alimentacion del flujo de particulas y el transporte activo de carbono
por migradores verticales ( Longhurst y Harrison, 1989; Dam et al., 1995; Roman et al., 2002;
Jonasdottir et al., 2015; Hansen y Visser, 2016).
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Figura 2. Metabolismo y consumo de carbono por el zooplancton. (Tomado de Steinberg y

Landry, 2017).

1.3. Migracion vertical y transporte activo

El zooplancton desempefia un papel clave en los ciclos biogeoquimicos en el océano y
representa uno de los principales mecanismos de transferencia de carbono desde aguas
superficiales hacia el océano profundo y sedimentos (Al-Mutairi y Landry, 2001; Stukel et al.,
2013; Garijo y Hernandez-Leon, 2015). En este contexto, la migracion vertical diaria (MVD)
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del zooplancton es probablemente el movimiento mas importante de biomasa entre las aguas
superficiales y la zona mesopelagica de los océanos del mundo, una importante via de
exportacion de carbono mediada por el zooplancton (Yebra et al., 2005; Frangoulis et al., 2005;
Kobari et al., 2008; Bianchi et al., 2013; Mayzaud y Pakhomov, 2014; Steinberg et al., 2008a;
Hansen y Visser, 2016; Steinberg y Landry, 2017; Yebra et al., 2018).

A escala planetaria, la MVD es responsable de un desplazamiento diario de biomasa
aproximadamente 10%° g C, que es comparable con la magnitud utilizada para el balance global
de carbono (Hernandez-Ledn et al., 2001). Cuando se considera como un componente de la
bomba bioldgica, la MVD se conoce como transporte activo, para distinguirlo del flujo pasivo o
gravitacional de particulas que se hunden desde la zona eufotica y que son medidos mediante
trampas de sedimentos (por desequilibrio 234Th:?*8U) (Steinberg y Landry, 2017). Longhurst y
Harrison (1989) sugirieron que este transporte activo conduce a la exportacion neta sélo si: 1)
Los organismos migrantes atraviesan la barrera para la mezcla vertical (por ejemplo, la
picnoclina o nutriclina) y 2) si el Carbono (C) o Nitrogeno (N) consumidos por encima de esta
barrera se libera por debajo de ella (migrantes diarios) o hay un transporte neto de biomasa por
debajo de esta barrera, durante la fase de reposo (migrantes estacionales). Los migrantes que
atraviesan esta barrera son conocidos como migrantes interzonales, en contraste con la migracion
zonal (dentro de una capa uniforme) de muchas otras especies de zooplancton (Morales et al.,
1999).

Durante el transporte activo la mayoria de los pastoreadores mesozooplancténicos y del
micronecton realizan MVD, alimentandose en la superficie durante la noche y refugiandose de
los depredadores visuales en profundidad durante el dia (Longhurst et al., 1990; Hansen y Visser,
2016; Steinberg y Landry, 2017). La MVD del zooplancton bajo la picnoclina produce un
transporte neto de materia organica hacia sus profundidades de residencia (Fig. 2) (Longhurst et
al., 1990). Esta materia organica ingerida en la superficie cada noche en forma de carbono
organico particulado (COP) es entonces liberada como CO. respirado, excretada como carbono
organico disuelto (COD), egestada como COP en pellets fecales y por la mortalidad natural,
contribuyendo asi al flujo activo de carbono (Longhurst et al., 1990; Steinberg et al., 2000;

Hernandez-Ledn et al., 2001; Davison et al., 2013; Ariza et al., 2015). EI transporte activo de
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COD y COP por MVD también se ha sugerido como fuente de carbono organico para ayudar a
satisfacer las demandas metabolicas del zooplancton mesopelagico residente y las comunidades
microbianas en profundidad (Steinberg et al., 2008b; Alonso-Gonzélez et al., 2013;). Ademas,
la estequiometria C:N:P de la materia inorgénica y organica disuelta producida en profundidad
por los migradores puede no tener proporciones Redfield clésicas, lo que potencialmente puede
contribuir a anomalias en la proporcion de nutriente en profundidad (Steinberg et al., 2002) y la
exportacion preferencial de algunos elementos como es el caso del fosforo en el giro subtropical
del Pacifico Norte (Steinberg y Landry, 2017).

Durante las ultimas décadas el transporte activo de carbono ha adquirido mayor interés y
varios trabajos han sido llevados a cabo en diferentes océanos del mundo (lkeda and Motoda,
1978; Omori and Ikeda, 1984; Longhurst y Harrison, 1989; Longhurst y Williams, 1992; Dam et
al., 1995; Morales, 1999; Al-Mutairi and Landry, 2001; Hernandez-Ledn et al., 2001; Roman et
al., 2002; Steinberg et al., 2002; Richardson et al., 2004; Yebra et al., 2005; Bianchi et al., 2013;
Ikeda, 2014; Jonasdéttir et al., 2015; Steinberg y Landry, 2017). Estos trabajos incluyen
estimaciones del flujo activo a través de las diferencias en la distribucion de biomasa diurna-
nocturna, la medicion de tasas metabolicas a diferentes temperaturas y el uso de ecuaciones
empiricas, las cuales han permitido evidenciar la importancia de su contribucion al flujo total de

carbono.

Por lo tanto, la comprension de estos procesos fisiolégicos del zooplancton, como la
ingestion, crecimiento, respiracion, egestion y mortalidad en profundidad, asi como la estimacién
precisa de su biomasa, son importantes para evaluar las tasas a las que estos organismos procesan
la materia organica y contribuyen al ciclo del C en el océano (Davison et al., 2013; Garijo y
Hernandez-Ledn, 2015; Ariza et al., 2015).

Entre estos, la respiracion representa un proceso fundamental para las actividades
fisiologicas de una comunidad. Las estimaciones de las tasas de respiracion han sido esencial
para cuantificar y modelar los flujos de C en las tramas troficas (Gémez et al., 1996; Packard y
Gobmez, 2013). EIl zooplancton consume energia como proteinas, lipidos e hidratos de C,

oxidando la materia organica en su metabolismo energético. En este proceso, generan energia
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como ATP, producen C para la biosintesis de materiales celulares y forman equivalentes
reductores (NADH, NADPH) para el mantenimiento metabolico de la célula (Packard, 1985). El
papel del sistema de transporte de electrones (ETS) es energizar la produccion de ATP. Este

proceso es responsable del 90% del consumo de oxigeno (Gémez et al., 1996).

Para considerar la magnitud del transporte activo por migracion diaria del zooplancton y
la importancia relativa del transporte activo frente al pasivo es necesario considerar que estos
varian regional y estacionalmente, dependiendo de la biomasa de los migradores y de la
composicion taxonomica (Putzeys et al., 2011). El transporte activo de C respiratorio
generalmente incrementa con una mayor biomasa migratoria (Fig. 3a) y un flujo respiratorio
mas alto da como resultado un incremento en la importancia del transporte activo comparado
con el hundimiento pasivo de COP (Fig. 3b). Adicionalmente, Steinberg y Landry (2017) han
mencionado que debe tenerse cuidado al comparar los ecosistemas, ya que algunos estudios sélo
reportan el flujo respiratorio, mientras que otros incluyen flujos activos adicionales como la
excrecion de COD, la produccion de pellets fecales, la mortalidad en profundidad o varias
combinaciones de los mismos. El transporte activo también llega a ser relativamente mas
importante en la exportacion de C con el incremento de la profundidad, ya que el flujo de
particulas en hundimiento disminuye rapidamente con el aumento de la profundidad (Steinberg
y Landry, 2017).
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Figura 3. Flujo respiratorio producto de la MVD. Datos compilados a partir de estudios en el
Atlantico Norte y el Pacifico en diferentes épocas del afio: (a) biomasa migrante media versus
flujo respiratorio medio (CO2) por MVD vy (b) flujo respiratorio medio versus fraccion
equivalente de COP exportado desde de la zona epipelagica medida con trampas de sedimentos
a 100-200 m) (Tomado de Steinberg y Landry, 2017).

De acuerdo al estudio de Steinberg y Landry (2017) la mayor biomasa migrante asi como
flujo respiratorio activo se presentan en ecosistemas de surgencia altamente productivos y en
ecosistemas costeros/mesotroficos, en comparacién con sistemas o estaciones oligotréficas
menos productivas. Sin embargo, la importancia del transporte activo por MVD en comparacion
con el hundimiento pasivo de particulas no es necesariamente mayor en ecosistemas o
condiciones méas productivas, ya que los bajos flujos de COP en regiones oligotréficas
aumentarian la importancia relativa del transporte activo (Steinberg y Landry, 2017). Ademas,
en regiones con ZMOs pronunciadas, el transporte activo de CO2 respiratorio por MVD puede
reducirse, ya que las condiciones de bajo oxigeno deprimen las tasas de respiracion y excrecion
de algunos taxa (Kiko et al., 2015; Seibel et al., 2016).

Sin embargo, la medicidn de estas tasas sigue siendo limitada, ya que es dificil reproducir

con exactitud las condiciones en el océano. Mediciones directas del metabolismo de organismos
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mesopelégicos serian apropiadas para comparar con los calculos reportados. Sin embargo, estas
son dificiles porque la concentracion de organismos en la zona mesopelagica es baja y la
manipulacion de animales capturados a profundidad para experimentos hace dificil obtener un
namero significativo de mediciones por procedimientos tradicionales (Hernandez-Leon et al.,
2001; Ariza et al., 2015). Un claro ejemplo de esto son las estimaciones directas de las tasas de
respiracion, que implican medir cambios en la concentracion de oxigeno de organismos
incubados en ambiente controlado. Este método ha sido criticado con frecuencia porque es dificil
reproducir condiciones naturales en experimentos de laboratorio y, como resultado, pueden
ocurrir cambios sustanciales en el estado fisiolégico de los organismos estudiados (Ariza et al.,
2015).

Desde su introduccién por Packard et al. (1971), mediciones de la actividad enzimatica
del sistema de transporte de electrones (ETS), el sistema enzimatico que cataliza la respiracion a
nivel celular han sido utilizadas como un indice de la respiracion potencial (@) del zooplancton.
Esta es una aproximacion para el consumo de oxigeno en la respiraciéon y la biomasa, que
proporciona una alternativa a los métodos clasicos ya que la actividad enzimatica puede medirse
en organismos capturados en profundidad (Hernandez-Leodn et al., 2001). La actividad ETS mide
la capacidad del ETS de mitocondrias y microsomas para transferir electrones de los sustratos
fisiolégicos (NADH, NADPH y succinato) al aceptor de electrones terminal (oxigeno en
ambientes aerobios). Esta técnica reduce los problemas innatos asociados con la incubacion de

zooplancton en un experimento controlado (Gémez et al., 1996).

Si bien el ETS representa un indice y no una medicion directa, correlaciones significativas
han sido encontradas entre la actividad de ETS y la tasa de respiracion in vivo por varios autores
(Gomez et al., 1996; Hernandez-Ledn y Gomez, 1996; Hernandez-Leon et al., 2001; Hernandez-
Ledn y Ikeda, 2005; Darnis y Fortier, 2012; Ariza et al., 2015). Existe cierto convencimiento de
que esta metodologia produce buenas estimaciones del metabolismo en los casos en que la
enzima no esta limitada por sustratos intracelulares, ya que cuando hay limitacion por sustratos,
esta da como resultado una subestimacion de las tasas fisiologicas (Hernandez-Leon et al., 2005).

Por tanto, esta metodologia proporciona tasas minimas para la respiracion de C por los



organismos en profundidad, permitiendo evaluar el metabolismo del zooplancton en aguas
profundas (Hernandez-Leon et al., 2001; Ariza et al., 2015).

Otra estimacion importante, aunque dificil de cuantificar y por tanto no siempre incluida
en los estudios de flujo activo de C mediado por la MVD del zooplancton es la tasa de mortalidad
de migrantes diarios en profundidad, un flujo adicional hacia el océano profundo (Steinberg y
Landry, 2017). Zhang y Dam (1997) incluyeron consideraciones adicionales para las pérdidas
por mortalidad en profundidad, asumiendo que la tasa de mortalidad instantanea del
mesozooplankton migrante por debajo de la zona euf6tica durante el dia es una funcién del peso
corporal. Dressel et al. (1972) propusieron una nueva técnica de tincion con rojo neutro para
determinar la mortalidad natural (no predatoria) del zooplancton, producto de la senescencia,
estrés fisico y quimico, parasitismo y alimentacion en otros. Esta técnica ha sido mejorada
durante las ultimas décadas (Elliott y Tang, 2009; Yafiez 2009), proporcionando un método
eficiente y rapido para diferenciar copépodos vivos y muertos en muestras de zooplancton (Tang
et al., 2006; Elliott y Tang, 2009, 2011; 2019; Yarfiez et al., 2012, 2018). Yafiez et al. (2012)
utilizaron esta técnica para determinar la mortalidad natural (no predatoria) in situ del copépodo
epipelagico Paracalanus indicus en dos centros de surgencia de Chile caracterizados por la
presencia de la ZMO. Este estudio proporciono estimaciones variables de la contribucién al flujo
de carbono (0,13% al 0,67%) producto de una biomasa total de copépodos muertos entre 0.2 y

1.2 mg C m™ respectivamente.

El aporte del zooplancton migratorio al flujo activo de carbono mediante el denominado
flujo intestinal (Angel, 1984, 1989; Kigrboe y Tiselius, 1987) es otra estimacion importante que
ha sido incorporadas durante las Gltimas décadas mediante el andlisis de fluorescencia intestinal.
El flujo intestinal de C propuesto por Angel (1984) se refiere al alimento no asimilado en el
intestino, el cual es exportado a sus profundidades de residencia durante la MVD. Por ejemplo,
el trabajo de Hu (1978) evidencié un importante incremento en el peso del estomago del
zooplancton migrante durante la noche, determinado por un aumento significativo de la
fluorescencia intestinal, lo cual se asocié arestos de fitoplancton en el estbmago del zooplancton.
Los requisitos para la evaluacion del flujo intestinal son que el tiempo de residencia de los

alimentos debe ser lo suficientemente largo como para permitir la defecacion en las
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profundidades mesopelagicas y que los organismos consuman presas pigmentadas en la
superficie y no se alimenten de alimentos pigmentados en profundidad (Hernandez-Leon et al.,
2001). En general, los pigmentos suelen ser escaso en la zona mesopelagica lo que no supondria
un problema, sin embargo la nieve marina que se hunde en la columna de agua puede transportar
el material pigmentado hacia abajo, por lo que el zooplancton carnivoro también puede
alimentarse de zooplancton herbivoro, lo que puede causar la ingesta de pigmento en profundidad
(Alldredge et al., 1998). Existen pocos trabajos sobre la importancia del flujo vertical activo de
C derivado del flujo intestinal (Hernandez-Leén et al., 2001). Dagg et al., (1989) estudiaron la
cantidad de pellets fecales transportados por las especies de copépodos migrantes Calanus
pacificus y Metridia lucens, en profundidad. Mediante el método de fluorescencia de particulas
en el sistema digestivo y las mediciones del tiempo de residencia intestinal, ellos concluyeron
que la cantidad de pigmentos que permanecen en el intestino de estas especies después de
descender a sus profundidades de residencia (75 m) era muy pequefia (<1%) en comparacién con
la cantidad registrada en superficie (25 m). Lampitt et al. (1993) midieron el flujo de C desde el
flujo intestinal via migrantes en el noreste del Oceano Atléantico, basados en la produccion de
pellets fecales del anfipodo Themisto compressa. Los resultados encontrados evidenciaron que a
pesar de que el tiempo del paso de pigmentos a través del intestino era suficientemente largo para
ser egestado en profundidad, el flujo intestinal fue bajo (< 5%) comparado con el flujo pasivo.
Hernandez-Leon et al. (2001) también analizaron el flujo de particulas en el intestino del
zooplancton migrante en las islas Canarias, encontrando bajas concentraciones de pigmentos en
profundidad (aproximadamente del 4 al 8% de la concentracion en superficie). Sin embargo, el
calculo promedio del flujo de particulas en el intestino fue mayor (1.28 mg C m? d) que lo
estimado por Lampitt et al. (1993) y represent6é aproximadamente el 13 % de las estimaciones
del flujo pasivo. Yebra et al. (2005) estimaron en esta region valores de flujo intestinal entre
0.14-044mgCm2d 1,
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1.4. Tramas tréficas

En los ecosistemas marinos, las interacciones troficas a menudo dependen del tamafio, ya
que los productores primarios generalmente son algas unicelulares de pequefio tamafio, mientras
que los consumidores son progresivamente mas grandes (Bode et al., 2007; Jennings et al., 2002;
Pope et al., 1994). Por lo tanto, las tramas tréficas estan estructuradas en términos del tamafio
del organismo, como se demuestra en el plancton (Fry y Quifiones, 1994; Rolff, 2000) y las
comunidades de peces (Jennings et al., 2002). Ademas, la posicion de una especie de pez
particular en la red alimentaria puede depender mas de su tamafio individual que de su grupo

taxondmico (Jennings et al., 2001).

Como se mencioné en la seccion 1.3 el zooplancton constituye un nodo esencial en la
transferencia de materia y energia dentro de los ecosistemas marinos y sirve como enlace crucial
entre los productores primarios y la megafauna (Hjort, 1914). En términos de flujos de C la
estructura de las comunidades de zooplancton desempefia un papel crucial en la determinacion
del destino de la produccion primaria, la composicion y velocidad de sedimentacion de las
particulas que se hunden y, por tanto, en el flujo de materia organica hacia el océano profundo
(Steinberg et al., 2008a). En aguas pelagicas del océano abierto, los organismos vivos estan
interrelacionados por tramas tréficas complejas. Se ha formulado la hipdtesis de que la materia
organica producida en la zona epipeldgica se transporta a la zona batipelagica a través de

relaciones depredadores-presas que involucran la migracién de organismos (Vinogradov, 1970).

Steinberg et al. (2008a), también mencionan la importancia que pueden tener las
comunidades de zooplancton en el flujo de carbono a través de las redes troficas mesopelagica.
Estas incluyen el consumo y metabolizacion de detritos en hundimiento, fragmentacion de
particulas grandes en particulas mas pequefias y produccion de nuevas clases de pellets fecales

en profundidad producto de alimentarse de detritus y otros animales (carnivoros).

Mas recientemente Hernandez-Leon et al., (2020) han mostrado relaciones positivas entre
la productividad primaria neta (PPN) y la biomasa del zooplancton epipeladgico mesopelagico y
batipelagico. De acuerdo a estos autores, estas relaciones implican que el aumento de la PPN

conduce a una mayor transferencia de carbono organico a las profundidades del océano y por lo
12



tanto sugieren que este acoplamiento global entre NPP y biomasa de zooplancton batipelagico
también debe estar respaldado por un mecanismo de transporte activo asociado a la migracion

vertical de zooplancton.

El primer nivel de complejidad para estimar la transferencia de C debido al zooplancton
viene dado por la existencia de varios niveles troficos y por el espectro de tamafio de la
comunidad. Este es muy amplio y determina el tamafio de las particulas ingeridas, asi como la
ruta particular por la cual se transfiere el C desde la superficie hacia el océano profundo (Lehette,
2012). El espectro del tamafio de la abundancia (la abundancia relativa o biomasa de organismos
de diferentes tamafios) ha demostrado ser un método altamente efectivo para resumir la estructura
de tamafio de las comunidades del zooplancton, predecir poblaciones de peces, reflejar cambios
en el flujo de carbono oceanico superficial y describir las tasas de transferencia de material en el
océano superior de diferentes regiones (Thompson et al., 2013). Por otro lado, la estructura de
tamafio tiene el potencial de indicar la transferencia de energia a través de la trama tréfica y puede

influir en las vias de exportacion y secuestro de carbono (San Martin et al., 2006).

La comprension de la dinamica del secuestro de C en las profundidades oceanicas es
fundamental para estimar el balance global de C y su respuesta a las emisiones antropogénicas
(Emerson et al., 1997). En este contexto, se ha comprobado que el zooplancton puede mejorar
o limitar los flujos de C en el océano y, por tanto, regular la eficiencia de la bomba bioldgica.
Este proyecto se enfoca en comprender el papel de la migracion vertical del zooplancton en el
secuestro C, evaluando las tasas metabdlicas a las que el zooplancton procesa el material y
contribuye al ciclo del C en el océano, en especial porque se prevé que la produccion primaria
neta disminuira en respuesta al cambio climatico en un 20% en 2100 (Hansen y Visser, 2016;
Smith et al., 2009; Steinacher et al., 2010).

En base a los antecedentes presentados surgen las siguientes preguntas:

e ;Que grupos zooplanctonicos realizan un transporte activo de C producto de la MVD?
e /Como puede influir el espectro de tamafio de las comunidades del zooplancton

migrante en el transporte activo?
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e ;Cuanto y hasta qué profundidad pueden transportar C los organismos

zooplanctdnicos migrantes en la zona de estudio?
Con el fin de responder a estas preguntas, el objetivo general de esta investigacion es:

Evaluar la contribucion del transporte vertical activo al flujo de C, producto de la
migracion vertical diaria del zooplancton y su relacion con la estructura de la comunidad

zooplanctonica en la region del Pacifico Sur Oriental.
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2. HIPOTESIS Y OBJETIVOS ESPECIFICOS

Considerando que el transporte activo de C producto de la migracion vertical diaria
del zooplancton desde la superficie hacia la zona mesopelagica puede ser influenciado por la
estructura comunitaria y condiciones ambientales particulares tales como la ZMO frente al

norte de Chile, se plantean las siguientes hipdtesis:

2.1. Hipotesis

HO: La composicidn taxondmica y estructura de tamafio del zooplancton migrante determinan
la contribucion del transporte activo de C al flujo total de carbono en la zona de surgencia

frente al norte de Chile.

H1: El transporte activo de C producto de la MVD en la zona de surgencia frente al norte de

Chile, es modulado por la variacién espacial-temporal de la ZMO.

2.2. Objetivos Especificos
1. Determinar la composicion taxonémica y distribucion vertical del zooplancton migrante

en la zona de surgencia frente a Chile.

2. Determinar los indices de migracion del zooplancton y su relacion con la estructura de
tamafo y variabilidad de la ZMO en la zona de surgencia frente a Chile.

3. Estimar las tasas metabdlicas y fisioldgicas del zooplancton migrante y su contribucion

al flujo de carbono exportado en la zona de surgencia frente a Chile.
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3. MATERIALES Y METODOS
3.1. Areade Estudio

El area de estudio se ubicé en el PSO, en la zona de surgencia costera frente Chile (21-
29°S) (Fig. 4); un area sometida a una surgencia intermitente impulsada por el viento durante
todo el afio, caracterizada por altos niveles de produccion primaria y una intensa y poco profunda
ZMO. El disefio de muestreo comprendid dos camparias oceanograficas lideradas por el Instituto
Milenio de Oceanografia (IMO), las cuales fueron realizadas abordo del AGS-61-Cabo de

Hornos https://es.imo-chile.cl/
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Figura 4. Area de estudio: Ubicacion de estaciones bio-oceanograficas de muestreo
correspondientes a los cruceros Lowphox | (2015) y 11 (2018) a bordo del B/C Cabo de Hornos.
La imagen izquierda representa la produccion primaria neta satelital (NPP) derivada del modelo
de Behrenfeld y Falkowski (1997). Los datos de teledeteccion estan disponibles en

http://science.oregonstate.edu.ocean.productivity.
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e Crucero Lowphox I: efectuado durante la primavera austral (noviembre de 2015). El
muestreo se realizo en tres estaciones bio-oceanograficas: dos estaciones (St. T3 y St.
T5) ubicadas a lo largo de una seccion zonal en sentido costa-océano frente a Iquique
(20°S) y una estacion costera (St. L6) frente a Coquimbo (29°S).

e Crucero Lowphox Il: efectuado durante el verano austral (febrero de 2018). El
muestreo se realizd en dos estaciones bio-oceanogréficas en la misma seccion

longitudinal realizada en el crucero Lowphox | (Iquique 20°S).

3.2. Trabajo de campo

El material de estudio proviene de muestras diurnas y nocturnas de zooplancton y datos

oceanograficos colectados durante dos cruceros oceanograficos:
3.2.1. Datos Oceanogréficos

En cada estacion de muestreo tanto durante la primavera como en el verano austral, se
registraron las variables de temperatura (T), salinidad (S) y el oxigeno disuelto (OD) desde 1000
m hasta la superficie (St. T5 y St. T3), excepto en la estacion ST. L6 (356 -0 m) durante la
primavera. Las variables fueron medidas utilizando una roseta oceanografica con un CTD

SeaBird 911 equipado con un sensor de oxigeno SeaBird SBE-43 y un fluorémetro Seatech.

3.2.2.0btencién de muestras bioldgicas

Muestreo zooplancténico para muestras preservadas

Muestras cuantitativas diurnas y nocturnas de zooplancton fueron obtenidas en dias
consecutivos en cada una de las estaciones de muestreo (Tabla 1). Los muestreos se hicieron
mediante dos arrastres verticales en cinco estratos, utilizando una red multiple electronica
Hydrobios de 200 um de apertura-de malla y 0.25 m? de boca. La velocidad de arrastre de la
Multinet fue de 1 m s~ . Los estratos verticales fueron definidos segin la distribucion de la

concentracion de oxigeno y la localizacion de la ZMO (Tabla 2).
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Tabla 1. Datos de muestreo obtenidos por la Multinet durante el dia (D) y la noche (N) en cinco
estratos de profundidad, en tres estaciones frente al norte de Chile, durante primavera (2015) y
el verano de (2018).

Cruceros | Estacion | Latitud (°S) Longitud(°O)  Arrastre Fecha Hora Profundidad (m)

Dla 29/11/2015 9:30
D1b 29/11/2015 16:30
Nla 30/11/2015  2:30
N1b 30/11/2015  4:30
D2a 30/11/2015 10:30
D2b 30/11/2015 15:00
NZ2a 30/11/2015 22:30
N2b 1/12/2015  4:30

St. TS5 -20.05 -70.53

D1la 2/12/2015 14:30
Lowphox D1b 2/12/2015 18:00

0-600
| Nla 3/12/2015  0:15
N1b 3/12/2015  5:00
St. T3 -20.07 -70.25
D2a 3/12/2015 12:00
D2b 3/12/2015 16:00
N2a 4/12/2015 23:30
N2b 5/12/2015  0:15
D1 9/12/2015 10:31
N1 9/12/2015 22:30
St. L6 -29.29 -71.36
D2 10/12/2015 8:14
N2 10/12/2015 5:00
Dla 4/2/2018  9:30
Nla 4/2/2018  2:59
St. T5 -20.05 -70.53
D1b 4/2/2018 17:11
N1b 4/2/2018  20:30
Lowphox 0-800
]
Dila 5/2/2018  12:00
Nla 5/2/2018  2:45
St. T3 -20.07 -70.25

D2a 5/2/2018  15:00
N2a 5/2/2018  20:30
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Posteriormente, a partir de los perfiles verticales de oxigeno y coincidiendo con las capas
muestreadas del Multinet, estos estratos fueron denominados como: OX-ML, correspondiente
al estrato superficial bien oxigenado, con valores proximo a la saturacion del aire; OMZ-UB
correspondiente al gradiente superior de O> (oxiclina), en cuya base se ubica el borde superior
de la OMZ (isolinea de 45 uM O-) (Escribano et al., 2009; Hidalgo et al., 2005; Morales et al.,
1999); OMZ-UC correspondiente al limite superior del nicleo de la OMZ, donde se localizaron
las concentraciones més bajas de O2; OMZ-LC correspondiente al limite inferior del nucleo de
la OMZ; y OMZ-LW correspondiente limite inferior donde las condiciones de O> parecen

restaurarse un gradiente de Oo.

Tabla 2 Intervalos de profundidad definidos para los arrastres de la multinet, los cuales
representan los microhabitats distintivos caracterizados por la profundidad y concentracién de
oxigeno especifica en cada estrato frente al norte de Chile, durante los cruceros: Lowphox | (LP-
), primavera de 2015 y Lowphox Il (LP-II), verano de 2018.

Intervalos de Cruceros Estratos/ concentracion de Referencias
profundidad | oceanograficos | microhabitats 02
(m)
0-30 LP-I LP-I1 OX-ML >200 pM -45uM | Capa Oxica (Paulmier et al., 2006).
30-90 LP-I LP-I1 OMz-UB 45 uM -20 uM Isolina de 45 pM O definida como el
limite superior de la ZMO (Escribano et
al., 2009; Hidalgo et al., 2005;
Escribano et al., 2004; morales et al.,
1999)
90-150 LP-I LP-11 OMz-UcC <20 UM - 1uM | ndcleo de la ZMO (Paulmier et al.,
2006).
150-400 LP-I LP-I1 OMZ-LC 1uM -20 uM
400-600 LP-1 - OMZ-LW >20 uM Gradiente inferior (Paulmier et al.,
2006).
400-800 - LP-I1

Una vez abordo, las muestras fueron transferidas a frascos etiquetados de 500 mL, y

tratadas inmediatamente con el método de tincién de rojo neutro (Elliott y Tang, 2009), para el
analisis cuantitativo y estimaciones de mortalidad parcial. Dependiendo de la concentracién de
organismos en las muestras el procedimiento basico de tincion con rojo neutro consistid en
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afiadir de 2 a 4 ml de la solucion stock de Rojo Neutro por cada 1000 ml del volumen de la
muestra de zooplancton, por un periodo de 10 minutos (Elliott y Tang, 2009). Posteriormente,
las muestras fueron enjuagadas con agua de mar filtrada para remover el exceso de tincion, y
preservadas con formalina neutralizada con acetato de sodio al 4% (Elliott y Tang, 2009
modificado por Yanez, 2009). Esta metodologia ha sido ampliamente utilizada en terreno para
analisis de zooplancton (Yariez et al., 2012, 2018). Esto simplifica el trabajo y facilita distinguir
visualmente signos de dafio o descomposicion de los organismos para una correcta estimacion
de la sobrevivencia, disminuyendo los tiempos de andlisis y ademas la subjetividad producida
por la variabilidad del observador.

Para determinar el contenido de proteinas, la actividad ETS y la fluorescencia intestinal
de las muestras de zooplancton obtenidas en un segundo arrastre fueron fraccionadas a traves
de tamices en cuatro clases de tamafio: >2 mm (macrozooplancton), 2-1 mm (mesozooplancton
grande), 1-0.5 mm (mesozooplancton mediano) y 0.5 a 0.3 mm (mesozooplancton pequefio).
Los organismos de cada fraccién se colocaron en tubos Eppendorf y posteriormente se
congelaron con N liquido (-196°C). En el laboratorio las muestras fueron almacenados a -80°C

en la oscuridad para los andlisis correspondientes.

Muestreo zooplancténico para muestras vivas

Para las actividades experimentales, muestras vivas de zooplancton fueron obtenidas en
el dia y la noche durante el Crucero Lowphox Il. Los muestreos se hicieron mediante arrastres
verticales utilizando una red WP-2 con una apertura de ojo de malla de 200 pum y 0.25 m? de
abertura de boca. Con el objetivo de obtener una muestra representativa de la comunidad
zooplanctdnica migrante en la capa hipoxica los arrastres durante se realizaron desde 250 m
hasta la superficie, en tanto que en la noche se realizaron en la capa superficial normoéxica desde

los 40 m hasta la superficie.
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3.3. Trabajo de Laboratorio

Objetivo 1: Determinar la composicion taxondémica y distribucion vertical del zooplancton
migrante
3.3.1.Composicion Taxonomica y medicion de tamafio

Para caracterizar la composicion taxonomica del zooplancton migrante, 168 submuestras
obtenidas con la Multinet en los cruceros seleccionados para este estudio fueron escaneadas y
digitalizadas a una resolucion de 2400 dpi, utilizando como método automatizado de
identificacion el sistema de analisis de imagenes digitales integrado ZooScan Hydroptic y el
programa de procesamiento ZooProcess (Gorsky et al., 2010). Este sistema utiliza algoritmos
de identificacion de formas, asi como conjuntos de entrenamiento especificos que permiten la
determinacion de categorias taxondmicas del zooplancton, en un proceso mas rapido y con
menos esfuerzo. En general el porcentaje de error de la clasificacion automatica en comparacion
con la clasificacion manual bajo microscopio estereoscépico en muestras pareadas es bajo
(Hernandez-Le6n y Montero, 2006). Para una mejor representacion de los organismos grandes
o raros, las submuestras fueron tamizadas a través de una malla de 1000 pm en dos fracciones
de tamafio dependiendo de la densidad de las muestras. Posteriormente, cada fraccion de tamafio
se dividié nuevamente por separado con un separador Motoda hasta que la concentracién de
zooplancton se diluy6 lo suficiente para evitar el contacto entre los organismos (Fig. 5). Una
vez que las muestras fueron digitalizadas y clasificadas en cada categoria taxondémica, se validd
manualmente cada imagen para asegurarse de que cada grupo identificado correspondiera a la

categoria que se asigné automaticamente.
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Figura 5. Procedimiento para el analisis de muestras de zooplancton mediante el sistema de
analisis de imagenes digitales integrado ZooScan Hydroptic: A) remocion del agua de mar y
formalina, B) tamizaje de la muestra en dos fracciones de tamafio, C) fraccionamiento de la

muestra y D) escaneo de ambas fracciones ("d1"y "d2").

3.3.2. Abundancia

Para las estimaciones de abundancia los organismos en cada estrato fueron
enumerados, medidos y clasificados en 27 grupos taxonémicos (Tabla 3), mediante el
método automatizado ZooProcess. A partir del nimero de vifietas validadas en las
muestras de Zooscan, teniendo en cuenta la fraccion escaneada y el volumen muestreado
de los arrastres de la red la abundancia total o de cada grupo taxonémico fue calculada
mediante la siguiente ecuacion:

. 3 _ N+S
Abundancia/m° = ol @
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Donde, N es el nimero de individuos con la misma identificacion (por ejemplo, en la
ultima columna escrita "copépodo™), S es la fraccion escaneada de la muestra y Vol es el
volumen de la muestra. La abundancia integrada en el estrato (ind. m?) se obtuvo después
multiplicando el valor de abundancia por el grosor del estrato. Se utilizaron cinco clases de
tamarfio, basadas en el didmetro esférico equivalente (ESD), para calcular la abundancia y la
biomasa de zooplancton por muestra: dos clases de tamafio pequefio (0,3-0,5 mmy 0,5-1 mm),

una clase de tamarfio intermedio (1-2 mm) y dos clases de gran tamafio (2-5 mm,> 5 mm).

3.3.3.Biomasa

Las estimaciones de biomasa para los andlisis cuantitativos se realizaron utilizando el
valor de area (mm?) o volumen (mm?®) obtenidos para cada individuo en los diferentes grupos
taxondmicos a través del sistema integrado ZooScan. Estos valores fueron transformados a peso
seco utilizando ecuaciones de regresion publicadas (Tabla 3), las cuales relacionan el tamafio,
area o volumen del organismo con el peso seco individual. Las conversiones de unidades de
masa entre el peso seco (DW) y el contenido de carbono (C) se realizaron utilizando factores
de conversion promediados obtenidos para diferentes grupos de zooplancton (Kigrboe, 2013) e
ictioplancton (Childress y Nygaard, 1973) (Tabla 3). La biomasa individual (ug C ind-t)
calculada dentro de cada categoria taxondmica identificada por ZooScan permitié estimar la
biomasa total por taxén (mg C m) durante el dia y la noche en cada estacion y estratos de
profundidad. Los valores integrados de biomasa por estratos de profundidad (mg C m?) y

taxones se calcularon multiplicando estos valores por el espesor de los estratos (m).
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Tabla 3. Ecuaciones de regresion entre el area corporal y el peso seco (DW) (Lehette y
Hernandez-Ledn, 2009; Marcolin et al., 2015) para estimar la biomasa con la informacion
generada por el ZooScan. Los factores de conversion utilizados para la estimacion de biomasa

para 27 grupos taxondmicos se extrajeron de Kigrboe (2013) y Childress y Nygaard (1973).

Grupos Acrénimo a b Tamafio Factor de conversién (C:DW)
Anfipodos AM 49.58 1.48 Area 0.345
Anélidos AN 43.38 154 Area 0.299
Apendicularia AP 2.62E-08 283 Loqualt‘ﬂ)de' 0.407
Larvas de Briozoo BRY 43.38 1.54 Area 0.432
Quetognatos CH 23.45 1.19 Area 0.367
Ctenoforos CT 43.38 1.54 Area 0.051
Copépodos Pequefios e 45.25 1.59 Area 0.48
Copépodos grandes LC 45.25 1.59 Area 0.48
Acartia Sub C AC 45.25 1.59 Area 0.48
Eucalanidae C EC 76.71 0.63 Area 0.48
Decapodos DE 49.58 1.48 Area 0.419
Eufausidos EU 49.58 1.48 Area 0.419
Huevos de peces FE 1.40E-10 1 Volumen 0.407
Foraminiferos FO 89 1 Volumen 0.407
Gasterdpodos GA 43.38 1.54 Area 0.227
Hidrozoos HY 43.17 1.02 Area 0.132
Ictioplancton IC 43.38 1.54 Area 0.438
Larva de Decapodos DL 43.38 1.54 Area 0.419
Larva de Equinodermos EL 43.38 1.54 Area 0.407
Larva Nauplios NL 43.38 1.54 Area 0.407
Larva de Cirripedio CL 43.38 1.54 Area 0.407
Ostracodos 0s 99.46 1.28 Area 0.369
Platelmintos PL 43.38 1.54 Area 0.407
Terépodos PT 43.38 1.54 Area 0.289
Radiolarios RA 43.38 1.54 Area 0.407
Salpas SA 403 1.24 Area 0.109
Sifon6foros S 43.17 1.02 Area 0.109
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3.3.4.Biomasa Migrante

La biomasa por peso seco derivada del zooscan fue utilizada para el calculo de biomasa
migrante, la cual se calcul6 como la diferencia entre los valores de biomasa diurna y nocturna
en el estrato superior entre 0 y 90 m, el cual corresponde al estrato localizado por encima de la
oxiclina. Los valores negativos obtenidos de esta sustraccion fueron entonces integrados y
corresponden a la biomasa migrante que alcanzd la capa epipelagica durante la noche, incluidos

los organismos que habitan por encima y por debajo de la oxiclina.

Objetivo 2: Determinar los indices de migracion del zooplancton y su relacion con la

estructura de tamano.

3.3.5.Indices de Migracion Vertical

Profundidad Media Ponderada

Para el analisis de la distribucion vertical de los organismos colectados se calcul6 la
profundidad Media Ponderada del Zooplancton (PMPZ) para cada categoria taxondémica durante
el diay la noche de acuerdo con Andersen et al. (2004), que incluye la variabilidad del espesor
en cada estrato. Los datos fueron procesados por medio de software especializados (MATLAB
2016).
pMpz ==&z )

¥ (ni*zi)

Donde: ni es la densidad de la poblacion i (ind./1000 m®), di es la profundidad de la
muestra i, que se considera como el punto medio de cada capa de profundidad y zi que

representa el espesor del estrato.
Amplitud de Migracion

La amplitud de migracion vertical (AMVD) se estim6 como la diferencia entre la PMPZ

durante el dia y la noche para cada taxon (i).
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Comportamiento de Migracion

Para determinar el comportamiento de migracion vertical diaria (MVD) se analizo la
diferencia de los valores promedios de PMPZ entre el dia y la noche para cada taxon. Los valores
positivos se categorizaron como MVD normal (ascienden a la superficie en la noche y en el dia
permanecen en sus profundidades de residencia) y los valores negativos como MVD inverso
(Durante la noche permanecen en sus profundidades de residencia y ascienden durante el dia)
(Fig. 6). Los individuos que ocuparon el mismo estrato de profundidad de dia y de noche, ya
sea cerca de la superficie o en profundidad, fueron considerados no migratorios segin (Ohman,
1990).

MVD Normal MVD Inversa

Figura 6. Esquema del Comportamiento de migracion vertical del zooplancton.
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Objetivo 3: Estimar tasas metabdlicas del zooplancton migrante y su contribucién al flujo

de carbono.

Con el fin de estimar las tasas metabolicas y flujo activo de carbono de la comunidad
zooplanctonica, experimentos de incubacion, asi como analisis enzimaticos fueron realizados
con las muestras de zooplancton obtenidas durante el crucero Lowphox Il detallados en la
seccion 3.2.2

3.3.6. Experimentos de incubacion
Respiracion

Los datos de los experimentos de la actividad respiratoria del sistema de transporte de
electrones (ETS) en el zooplancton correspondientes al crucero Lowphox Il fueron recolectados
en el marco del Proyecto FONDECYT Postdoctoral No. 3180352 adjudicado al Dr. Fernandez-

Urruzola, y parcialmente publicados en Fernandez-Urruzola et al. (submitted).

Los experimentos de respiracion consistieron en incubaciones de las muestras obtenidas
con la red WP-2 de acuerdo con lo descrito en la seccion 3.2.2. Una vez obtenida la muestra, el
contenido del copo fue fraccionado cuidadosamente a través de tamices en cuatro clases de
tamafio (>2 mm, 2-1 mm, 1-0.5 mm y 0.5 a 0.3 mm), los cuales se colocaron en un recipiente

con agua de mar filtrada para su aclimatacion a temperatura superficial in situ durante una hora.

Posteriormente los organismos activos y sanos de cada fraccion fueron cuidadosamente
transferidos mediante sifonamiento a botellas de vidrio (volumen de 250 ml), equipadas con
tapones de silicona, las cuales se usaron como camaras experimentales de incubacion, estas
botellas fueron llenadas con agua de mar oxigenada y filtrada (0,2 um). Las incubaciones se
realizaron durante periodos de tiempo de 2 a 4 horas y a temperatura superficial (in situ). El
namero de organismos por botella dependi6 de su abundancia en cada fraccion de tamafio . Se
realizaron tres réplicas por cada fraccion y un experimento control (sin organismos),
conteniendo so6lo agua de mar filtrada para controlar posibles cambios de oxigeno durante las
incubaciones. Terminada la parte experimental, los organismos se colocaron cuidadosamente

en tubos Falcon o crioviales y se congelaron con nitrégeno (N) liquido (-196°C). Posteriormente
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en el laboratorio estos fueron almacenados a -80°C en la oscuridad para el analisis ETS. La
diferencia de oxigeno entre el control y los recipientes del experimento proporciono los valores

para determinar el consumo de oxigeno.

Ingestion

Para medir la tasa de ingestion se realizaron experimentos de incubacion con las muestras
obtenidas con la red WP-2 de acuerdo con lo descrito en la seccion 3.2.2. Una vez obtenida la
muestra el contenido del copo se colocd en un recipiente graduado con agua de mar filtrada
(GF/C) y agua mineral sodada en proporcién 5:1 como solucion anestesiante segin Escribano
et al. (2017) y se dividid en dos submuestras de forma cuidadosa y rapidamente para evitar
pérdidas por defecacion y foto-descomposicion de los pigmentos. Estas submuestras fueron

fraccionadas en cuatro clases de tamafio (>2 mm, 2-1 mm, 1-0.5 mm y 0.5 a 0.2 mm).

Una submuestra se utiliz6 para el analisis contenido estomacal (To), y se filtrd a través de
un tamiz de 200 um. Los organismos retenidos en el tamiz fueron inmediatamente trasferidos a
tubos Falcon cubiertos con papel aluminio y posteriormente congelados en N-Liquido (-196°C)
y almacenados a -80°C en la oscuridad para el analisis. La segunda submuestra se utilizé para
experimentos de incubaciones cortas con el fin de estimar la tasa de evacuacion (k), para lo cual
se dividio la submuestra cuidadosamente en cuatro partes iguales. Las cuatro submuestras
fueron transferidas a contenedores (5 L) con agua de mar filtrada (0.2 pm) y mantenidas en
oscuridad a temperatura in situ, durante 15, 30, 60 y 120 minutos. Después de cada tiempo de
incubacion las muestras fueron filtradas, congeladas en N-Liquido (-196 °C) y almacenadas a -
80°C en la oscuridad para su posterior analisis. Se realizaron 2 réplicas por cada fraccion (Fig.
7).

Andlisis en el laboratorio y calculos

Una vez en el laboratorio, las submuestras fraccionadas fueron descongeladas para su
analisis. En condiciones de baja luz cada submuestra se homogeneiz6 y posteriormente se
centrifugo a 4000 rpm a 0° C durante 10 min. Dos alicuotas fueron destinadas para el analisis
de proteina y fluorescencia intestinal como se describe a continuacién. Del sobrenadante del

homogeneizado de la muestra se tomo una alicuota de 1 ml la cual se utiliz6 para los célculos
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de biomasa expresada como contenido en proteinas segin el método de Lowry-SDS (Cadman
et al., 1979). Una alicuota del homogeneizado de la muestra fue utilizada para preparar una
dilucion en agua bidestilada. A 100 ul de esta dilucion se le afiadio 500 pl de Rutters-SDS.
Después de 10 minutos fue adicionado 50 pl del reactivo Folin y se dejo transcurrir la reaccion
a temperatura ambiente durante 40 minutos en oscuridad. Posteriormente, se realizaron las
lecturas de absorbancia a 750 nm en un espectrofotometro con cubetas. En cada determinacion
se realizo una recta de calibracion (con valores comprendidos entre 0 y 500 pg/ml), utilizando
albumina bovina (BSA) como estandar. Los valores de proteina se convirtieron a peso seco
(DW) utilizando una razén DW/prot de 2,49 para el zooplancton de aguas subtropicales
(Hernandez-ledn et al., 2019). El peso seco se convirtié en unidades de carbono asumiendo que

el carbono es el 40% del peso seco (Dam y Peterson, 1993).
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Figura 7. Experimentos de incubacién para las estimaciones de contenido intestinal y tasa de

gvacuacion.
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Para el andlisis de fluorescencia intestinal, 1 ml del homogenizado de cada submuestra se
colocé en tubos de vidrio (forrados con papel aluminio para evitar la exposicion a la luz) con 10
ml de acetona al 90%, e inmediatamente se almacenaron por un periodo de 24 horas a -20 °C en
total oscuridad. Transcurrido este periodo, se midio la fluorescencia de las submuestras antes y
después de su acidificacion con tres gotas de HCI al 10%. Las lecturas fueron realizadas con un
fluorémetro (Turner Design Trilogy -TD 040) previamente calibrado con un estandar de
clorofila pura. Los pigmentos se calcularon con las ecuaciones dadas por Strickly y Parsons

(1972) ligeramente modificadas por (Hernandez-Leon et al., 2001):

Clorofila = Kk (f,, — f,) mg~! proteina (3)
Pheopigmentos = Kk (R f, — f,) mg~! proteina 4)

donde k es la constante de calibracion del instrumento, f, y f, son las lecturas de
fluorescencia antes y después de la acidificacion, y R es el coeficiente de acidificacion. La
concentracion de pigmento intestinal en este estudio se refiere a la adicion de clorofila y
feopigmentos. Debido a que la clorofila ingerida se transforma en el intestino de los organismos
a feoforbidos (Wilson et al., 1987), estos valores fueron corregidos aplicando un valor de
background de fluorescencia (a veces denominada ruido de fluorescencia) de 0.1 pg de
pigmentos intestinales por g de peso himedo (WW) estimado para eufausidos por Wilson et al.
(1987), estos valores fueron transformados a peso seco usando una relacion DW/WW de 0.2
(Mauchline, 1969).

El cambio en la concentracion de pigmento en el intestino de los organismos en los
diferentes tiempos se ajustdé al modelo exponencial, segin la ecuacion de Dagg y Wyman
(1983):

GCt=GCo*e (5)

I =GCo*k (6)

Donde: GCt es el contenido intestinal en el intervalo de tiempo t; GCo el contenido
intestinal en el tiempo inicial (ug Chl-a equivalente a proteina™); k: la tasa de evacuacion

expresada en unidades de tiempo (decaimiento del contenido intestinal, min ). Finalmente, las
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tasas de ingestion (I) para cada fraccion se calcularon utilizando las tasas de evacuacion
estimadas previamente, bajo el supuesto de que se elimina una proporcién constante del

contenido intestinal por unidad de tiempo, segun la ecuacion de Dagg y Wyman (1983):

Egestion
Para medir la tasa de egestion se realizaron experimentos de produccion de pellets fecales

(PPF) con las muestras obtenidas con la red WP-2 de acuerdo con lo descrito en la seccion 3.1.

Una vez a bordo el contenido del copo fue cuidadosamente fraccionado a través de
tamices en cuatro clases de tamafio (>2 mm, 2-1 mm, 1-0.5 mmy 0.5 a 0.2 mm). Cada fraccion
de tamario fue colocada en recipiente con agua de mar a temperatura superficial in situ para su
aclimatacion durante 1 hora. Posteriormente los organismos activos y sanos de cada fraccion
fueron cuidadosamente transferidos mediante sifonamiento a cdmaras de produccion de pellets
fecales (fecatrones). Los fecatrones se construyeron de acuerdo al disefio propuesto Juul-
Pedersen et al. (2006) con ligeras modificaciones y consistieron en dos contenedores de plastico
anidados uno sobre otro, con capacidad de 1 L. El contenedor interno con un fondo de malla de
200 um, se suspendio dentro de un segundo contendor cerrado a una distancia con el fondo de
2 cm, y lleno con agua de mar oxigenada y filtrada (0.2 um). Este disefio permitio que los pellets
fecales se sedimenten en el segundo contenedor inferior, evitando la coprofagia o la
fragmentacion por organismos zooplancténicos (Juul-Pedersen et al., 2006; Urban-Rich et al.,
1994). Las incubaciones se realizaron durante periodos de tiempo de 24 horas y a temperatura
controlada (in situ). EI nimero de organismos por botella dependié de su concentracion en la

fraccion de tamafio (4-50 individuos). Dos réplicas fueron realizadas por cada fraccion (Fig. 8).

Terminada la parte experimental los organismos retenidos en el contendor interno fueron
transferidos a tubos Falcon; congelados en N liquido (-196°C) y almacenados a—80°C y en la
oscuridad para las estimaciones de biomasa por peso seco. En tanto que los pellets presentes en
contenedor externo del fecatron fueron tamizados con una malla de 20 um para recoger los

pellets fecales para el analisis carbono organico particulado (COP). Los pellets fueron
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enjuagados con agua de mar filtrada de 0,2 um, contados y luego colocados en un sistema de

filtracion utilizando filtros (GF/F) previamente pesados y muflados (0.25 mm de didmetro).

Incubacion 24h
Temperatura controlada (in situ)
Poca luz

Contaje y separacion de pellets

Nitrégeno liquido Congelar Pellets Andlisisde C/N A

Figura 8. Experimentos de incubacién para la estimacion de tasa de egestion.

Los filtros se colocaron en tubos Eppendorf y se congelaron con N liquido (-196°C) y
posteriormente se almacenaron a—80°C en la oscuridad. Un filtro control de la muestra se coloco
encima de un segundo filtro de respaldo blanco durante la recoleccion y el enjuague de los
granulos. Este filtro de respaldo en blanco se traté de la misma manera que el filtro de muestra

y se uso para corregir el filtro y el error de la maquina.
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Andlisis en el laboratorio y calculos

En el laboratorio, las muestras con los organismos fueron descongeladas para la analisis
de biomasa por peso seco utilizando el procedimiento descrito por (Lovegrove, 1966). Cada
submuestra fue colocada en un filtro previamente pesado y muflado (GF/F) y pasada a través de
un sistema de filtracion. Posteriormente las muestras fueron secadas a 60°C por un periodo de
24 horas. Los filtros con las muestras fueron entonces pesados en una microbalanza. El peso
seco se convirtio en unidades de carbono asumiendo que el carbono es el 40% del peso seco
(Dam y Peterson, 1993).

Para el analisis de C/N en los pellets fecales, los filtros con las muestras de pellet
obtenidos con la red WP2 fueron enviados al Laboratorio de isotopos estables y bioguimica de
la Pontificia Universidad Catolica de Chile, el cual realizo las estimaciones con un
espectrometro de masas de relaciones isotopicas (IRMS), Thermo delta acoplado a un analizador
elemental Flash EA 2000. La tasa promedio de produccion de pellets se calcul6 sustrayendo los
pellets fecales (g C) del control de los pellets encontrados en los frascos experimentales y
dividiendo este valor por la biomasa (ug C) multiplicada por el tiempo de incubacién (24 horas)
en cada fraccion de tamafio seguin Juul-Pedersen et al. (2006).

Mortalidad Parcial

Para las estimaciones de mortalidad parcial, las muestras de zooplancton obtenidas con
la multinet de acuerdo a lo descrito en la seccién 3.1 fueron analizadas y clasificadas de acuerdo
a latécnica de la tincidn de rojo neutro (Elliott y Tang, 2009; modificada por Yafiez, 2009). En
el laboratorio las muestras preservadas se acidificaron a pH < 7 para activar la coloracion dentro
de los organismos. La acidificacion se realizé usando una solucion &cida, 1 ml de HCI por 10
ml de la muestra. Las muestras fueron analizadas con un esteicroscopio de diseccion Carl Zeiss
(Modelo: Discovery.V8), procurando evitar una iluminacion excesiva. Los organismos fueron
entonces identificados, cuantificados y separados como organismos vivos (organismos tefiidos

de rojo) y como muertos aquellos no tefiidos (incoloros) (Fig. 9).
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Para las estimaciones de biomasa se siguio el método de Lovegrove (1966). Cada
muestra de organismos vivos, muertos y detrito fue colocada en un filtro previamente pesado y
muflado (GF/F) y pasada a través de un sistema de filtracion. Posteriormente las muestras fueron
secadas a 60°C por un periodo de 24 horas. Los filtros con las muestras fueron entonces pesados
en una microbalanza. El peso seco se convirtié en unidades de carbono asumiendo que el

carbono es el 40% del peso seco (Dam y Peterson, 1993).

Posteriormente, los perfiles de biomasa nocturna fueron restados de la biomasa diurna
para cada categoria (vivos, muertos, detritos) e integrados entre 150 y 0 m con el fin de obtener
la biomasa migrante total asociada a cada categoria. En orden de obtener la fraccion de biomasa
muerta de la comunidad migrante los valores negativos de biomasa muerta obtenidos de la
sustraccion dia-noche fueron integrados entre 800-150 m y comparados con el valor de la

biomasa migrante total.

Figura 9. Estimaciones de mortalidad parcial en muestras de zooplancton obtenidas durante el

crucero Lowphox Il en febrero de 2018.
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3.3.7.Flujos Activos de Carbono

Para evaluar la biomasa proteica, el flujo de C respiratorio y el flujo intestinal del
zooplancton migrante, muestras de zooplancton fraccionadas por tamafio y obtenidas con la
multinet (seccion 3.2.2) fueron homogeneizadas con un triturador de tejido de vidrio-teflon
(2000 rpm, 2 min). Posteriormente las muestras fueron centrifugadas a 4000 rpm durante 10
minutos a una temperatura de 0°C e inmediatamente divida tres alicuotas con una micropipeta

para los respectivos analisis.

Biomasa Proteica

La biomasa de zooplancton expresada como contenido en proteinas se determin6 segln
el método de Lowry-SDS (Cadman et al., 1979). Una alicuota del homogeneizado de la muestra
fue utilizada para preparar una diluciéon en agua bidestilada. A 100 ul de esta dilucion se le
afiadié 500 ul de Rutters-SDS. Después de 10 minutos fue adicionado 50 pl del reactivo Folin
y se dej6 transcurrir la reaccion a temperatura ambiente durante 40 minutos en oscuridad.
Posteriormente, se realizaron las lecturas de absorbancia a 750 nm en un espectrofotémetro con

cubetas de un centimetro de paso de luz (Fig. 10).

En cada determinacion se realizé una recta de calibracion (con valores comprendidos
entre 0y 500 pg/ml), utilizando albumina bovina (BSA) como estandar. Los valores de proteina
se convirtieron a peso seco (DW) utilizando una razon DW/prot de 2,49 para el zooplancton de
aguas subtropicales (Hernandez-ledn et al., 2019 a). El peso seco se convirtié en unidades de

carbono asumiendo que el carbono es el 40% del peso seco (Dam y Peterson, 1993).
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Figura 10. Andlisis de contenido de proteina estimado espectrofotométricamente.

Para las estimaciones de biomasa migrante, los perfiles de biomasa nocturna en cada
estrato fueron restados de sus respectivos perfiles diurnos. Posteriormente, se integraron los
valores negativos entre 0 a 150 m, los cuales representaron la biomasa migrante que alcanzo la

capa eufdtica durante la noche.

Flujo intestinal

Una primera alicuota del homogeneizado elaborado para el analisis de proteina y
actividad ETS de las muestras obtenidas con la multinet se coloco en un tubo de ensayo con 10
ml de acetona al 90% y posteriormente fue almacenado a -20°C (24 h) para la extraccion de
pigmentos intestinal. Posteriormente, la fluorescencia de las muestras se midi6é realizando
lecturas antes y después de la acidificacion con tres gotas de HCI al 10% en un fluorémetro
(Turner Design Trilogy TD 040) previamente calibrado con clorofila pura. Los pigmentos se

calcularon de acuerdo con las ecuaciones 3y 4.
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La concentracion de pigmento intestinal en este estudio se refiere a la adicion de clorofila
y feopigmentos. No se hizo ninguna correccion por la pérdida de pigmento, pero se corrigio el
background de fluorescencia (los pigmentos observados en la exocuticula de los crustaceos y el
contenido residual del intestino) de organismos altamente pigmentados en profundidad. Se
calcul6 la fluorescencia intestinal asumiendo que toda la biomasa migrante presentaba un
background de fluorescencia medida en eufausidos por Willason and Cox (1987) de 0.1 pg de

pigmentos por g de peso humedo y asumiendo que el peso seco era 20% del peso hdmedo.

Finalmente, el flujo intestinal se calcul6 restando los promedios diurnos y nocturnos para
cada intervalo de profundidad para dar valores negativos o positivos que muestran aumentos en
la biomasa y fluorescencia intestinal durante la noche o el dia, respectivamente. La integral de
los valores positivos en la zona mesopelagica (150 - 800 m de profundidad) se consideré como
el flujo activo durante un tiempo de residencia de 12 h en profundidad. La biomasa migrante se
calcul6 como la diferencia entre los valores de biomasa diurna y nocturna en los 150 m
superiores. Suponiendo que no hay alimentacion de pigmento en profundidad, no hay
degradacion del pigmento, no hay interferencia de otros pigmentos en nuestras mediciones de

clorofila y feopigmentos, se utiliz6 una relacion carbon/pigmento de 30 (Vidal, 1980).

Actividad ETS y Flujo respiratorio

La actividad ETS se midié siguiendo el método de Kenner y Ahmed (1975). Los detalles
del procedimiento se presentan en Maldonado et al. (2012). La actividad ETS se estimo
espectrofotométricamente a 490 nm con una linea de base de turbidez de 750 nm. Las tasas de
respiracion fueron estimadas desde la actividad ETS usando una razon R/ETS de 0.56
determinada en una comunidad zooplancténica de un sistema de surgencia similar al del area

de estudio (Fernandez-Urruzola et al., 2014).

Para estimar el flujo respiratorio (umol O2 m~ d '), los valores positivos obtenidos de la
sustraccion de los perfiles de respiracion (umol O2 m™3 d™!) dia menos noche entre 150-800
(considerada como la profundidad de residencia de los migrantes) se integraron y dividieron por

la biomasa integrada en la misma profundidad. Esta respiracion especifica fue entonces
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multiplicada por la biomasa migrante para obtener el flujo respiratorio de la comunidad migrante
en profundidad. También se asumié un tiempo de residencia en profundidad de 12 h. Para
convertir la respiracion en unidades de carbono, se utilizé un cociente respiratorio (CO2
respirado/O2 consumido) de 0,97 (Omori y Ikeda, 1984), asumiendo un metabolismo basado en
proteinas. Debido a que el ETS es un método indirecto que mide el transporte de electrones y
no la respiracion, los resultados obtenidos se correlacionaron con los datos previos obtenidos de

los experimentos de respiracion a bordo del Crucero Lowphox 1.

Flujo por excrecion
Las estimaciones de carbono excretado por el zooplancton migrante fueron calculadas
asumiendo que un 24% del carbono respirado corresponde al COD excretado por estos

organismos en profundidad, de acuerdo a los propuesto por (Steinberg et al., 2000a)

Flujo Activo de C

Para el calculo del flujo activo de C derivado de las estimaciones de las tasas metabolicas
detalladas en las secciones anteriores se considerando cinco flujos mediado por el zooplancton
migrante que contribuyen al transporte de C en profundidad: Flujo respiratorio (RF), flujo
pigmentos intestinales (FI), Ingestién Potencial (IP), excrecion (E) y mortalidad parcial (MP)

en profundidad.
Flujo activo de Carbono = FR+ FI+ 1P+ E+ MP (7)

Para el calculo del flujo activo de C derivado de las muestras cuantitativas de zooplancton
analizadas por el Zooscan se aplicaron diferentes ecuaciones empiricas, considerando tres
procesos mediado por el zooplancton migrante que contribuyen al transporte de C en

profundidad: respiracion (R), excrecion (E) y mortalidad (M) en profundidad.

La respiracion (R) en profundidad (> 90 m) se estimo utilizando la ecuacion
proporcionada por Ikeda (1985) que relaciona la tasa de respiracion individual con la masa
corporal y la temperatura, y la mas reciente evaluacién e lkeda (2014). La masa corporal media
(ug C) para cada grupo taxonomico de las estimaciones y asi como la temperatura media in situ
se utilizaron para obtener la respiracion integrada en cada estrato de profundidad. La fraccion
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de respiracion fue estimada a partir de respiracion integrada y su respectiva biomasa. Para la
contribucion de carbono por excrecion se estimo considerando el 24% de la respiracion de
acuerdo a lo sugerido por Steinberg et al. (2000) La mortalidad diaria en profundidad (M) fue
calculada usando 0.04 como fraccion de la biomasa migrante de acuerdo a lo sugerido por
Edvardsen et al. (2002). El flujo activo de C mediado por zooplancton se estimo de la siguiente

manera.

C Flux= BM X [(R + M + E)/2)] (8)

donde BM es la biomasa migrante (mg C m), Ry M son la respiracion diaria y la mortalidad
(expresada como una fraccion de la biomasa migrante), y E es la excrecion de C expresada como
0.31 R. Asumiendo un tiempo de residencia en profundidad de 12 h, los tres procesos fueron

divididos por 2.

Para evaluar la contribucion de los flujos activos de C mediados por el zooplancton
migrante, los resultados obtenidos en este estudio a través de aproximaciones empiricas y
experimentales fueron comparados con datos del flujo gravitacional previamente reportados

para el area de estudio por Gonzalez et al. (1998)
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4. RESULTADOS

4.1. Capitulo 1. “Migracion vertical diaria del zooplancton y flujo de C hacia la zona
minima de oxigeno en la region de surgencia altamente productiva frente al norte de
Chile”

Articulo cientifico publicado en la revista “Biogeoscience” 17, 455-473, 2020.
https://doi.org/10.5194/bg-17-455-2020.

Autores: Pritha Tutasi y Rubén Escribano.

Resumen

La migracion vertical diaria del zooplancton (MVD), puede contribuir al flujo
vertical de carbono (C) y mejorar asi al funcionamiento de la bomba biologica en el
océano. La magnitud y la eficiencia de este transporte activo de C pueden depender del
tamafio y la estructura taxondmica del zooplancton migrante. Sin embargo, el impacto que
una estructura comunitaria variable puede tener sobre el flujo descendente de C mediado
por el zooplancton, no se ha abordado adecuadamente en sistemas de surgencia altamente
productivos, como la regién frente al norte de Chile. En estos sistemas, la presencia de
una zona de minimo de oxigeno subsuperficial (ZMO) puede imponer una restriccion
adicional a la migracion vertical y asi influir en la exportacion de C hacia abajo. Aqui,
abordamos estos problemas con base en un muestreo de zooplancton estratificado
verticalmente en tres estaciones frente al norte de Chile (20 °S - 30 ° S) durante noviembre-
diciembre de 2015. El andlisis automatizado de la composicion del zooplancton y la
biomasa estructurada por taxones permitié estimar diariamente la biomasa migrante por
taxa y su amplitud de migracion. Encontramos que una mayor biomasa se agrega por
encima de la oxiclina, asociada con aguas superficiales mas oxigenadas y esto fue mas
evidente la estacion costera caracterizada por una ZMO mas intensa. Sin embargo, algunos
grupos taxondmicos se encontraron estrechamente asociados con la ZMO. La mayoria de
los taxa realizaron MVD en la zona de surgencia resistiendo las condiciones de hipoxia
severa. Ademas, los migrantes fuertes, como los copépodos eucalanidos y los eufausidos,
pudieron exhibir una gran amplitud de migracion (~ 500 m), permaneciendo de forma
temporal o permanentemente dentro del nacleo de la ZMO y contribuyendo asi a la
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liberacion de C por debajo de la termoclina. Nuestras estimaciones del flujo de C mediado
por MVD a través de aproximaciones empiricas sugirieren que una biomasa migrante
media de aproximadamente 958 mg C m puede contribuir al sistema de la ZMO con
aproximadamente 71,3 mg C m2 d! a través de la respiracion, la mortalidad y la excrecion
de C en profundidad, lo que representa aproximadamente el 4% de la produccion primaria
neta. Esta contribucion implica la existencia de un mecanismo eficiente para incorporar C
recién producido a la ZMO. Sin embargo, este flujo descendente de C mediado por el
zooplancton es espacialmente variable y depende principalmente de la estructura
taxondmica, la cual genera una amplitud de migracion variable, asi como distintos

comportamientos de MVD.
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Abstract. Diel vertical migration (DVM) can enhance the
vertical flux of carbon (C), and so contributes 1o the function-
ing of the biological pump in the ocean. The magnimude and
efficiency of this active transport of C may depend on the size
and taxonomic structure of the migrant zooplankton. How-
ever, the impact that a variable community structure can have
on zooplankton-mediated downward C flux has not been
properly addressed. This taxonomic effect may become crit-
ically important in highly productive castern boundary up-
welling systems (EBUSs), where high levels of zooplankion
biomass are found in the coastal zone and are composed by
a diverse community with variable DVM behavior. In these
systems, presence of a subsurface oxygen minimum zone
(OMZ) can mpose an additional constraint to vertical migra-
tion and so influence the downward C export. Here, we ad-
dress these issues based on a vertically stratified zooplankton
sampling at three stations off northern Chile (20-30° S) dur-
ing November-December 2015, Automated analysis of zoo-
plankton composition and taxa-structured biomass allowed
us 1o estimate daily migrant biomass by taxa and thelr ampli-
tude of migration. We found that a higher blomass aggregates
above the oxycline, associated with more oxygenated surface
waters and this was more evident upon a more intense OMZ.
Some tavonomic groups, however, were found closely asso-
ciated with the OMZ. Most taxa were able to perform DVM
in the upwelling zone withstanding severe hypoxia. Also,
strong migrants, such as cucalanid copepods and cuphausi.
ids, can exhibit a large migration amplitude (~ S00m), re-

maining cither temporarily or permanently within the core
of the OMZ and thus contributing to the release of C below
the thermocline. Our estimates of DVM-mediated C flux sug-
gosted that a mean migrant biomass of ca. 958 mg Cm ~2d !
may contribute with about 71.3mg Cm~2d~! to the OMZ
system through respiration, mortality and C excretion at
depth, accounting for ca. 4 % of the net primary production,
and so implics the existence of an cfficient mechanism to
incorporate freshly produced C into the OMZ. This down-
ward C flux mediated by zooplankton is however spatially
variable and mostly dependent on the taxonomic structure
duc 10 variable migration amplitude and DVM behavior.

1 Introduction

The oxygen minimum zone (OMZ) in the southeast Pacific,
the fourth largest of the six permanent hypoxic regions in
the world oceans (Paulmier et al., 2006), is a key compo-
nent of the water column and a permanent feature intruding
the coastal zone of Ecuador, Peru and Chile (Fuenzalida ct
al., 2009; Paulmier et al., 2006). In the highly productive up-
welling region of northern Chile, the OMZ is closely linked
10 wind-driven upwelling in the coastal arca and associated
to the Equatorial Subsurface Water (ESSW), which is trams-
ported southward along the continental shelf by the Peru-
Chilke Undercurrent (PUC), as far south as 48° S (Fuenzalida
etal, 2009; Morales et al, 1996a; Silva and Neshyba, 1979),

42



P. Tutast and R. Escribano: Zooplankton diel vertical migration and downward C flux

O lguigue (207 S) the OMZ is characterized by being thick
(500m), very intense (<20 pumol kg ') and with O3 concen-
trations in the core of OMZ among the lowest found in the
global ocean reaching the cument detection limit (< | pM)
(Ulloa and Pantoja, 2009), although it becomes thinner at
about 30° S (Paulmier et al., 2006).

During the lust decades, the OMZ systems have attracted
much scientific interest because of evidence showing that
hypoxic and anoxic conditions in coastal arcas are expand-
ing and becoming more intense (Ekiu ef al., 2010; Stramima
el al, 2008). Al present, ongoing ocean deoxygenation is
widely recognized as being linked to global warming, and it
is raising much concern In modem occanography (Breitburg
ctal, 2018),

The presence of oxygen-depleted water becomes i critk-
cal physiological constraint for pelagic and benthic organ-
isms inhabiting the upwelling zone, impacting their blomass
and productivity, species diversity, distribution, behavior and
metabolic activity (Wishner et al., 2018; Ekau et al, 2010;
Grantham et al., 2004). For instance, diel vertical migration
(DVM), a common feature of the various size groups of zoo-
plankton and also one of the most important movements of
biomass in the ocean, can also be affectod by changes in in-
tensity and distribution of the OMZ (Wishner et al, 2018,
2013; Escribano et al., 2009; Ferndndez-Alamo and Fiirber-
Lorda, 2006; Hidalgo et al., 2008; Morales et al., 1996; Jud-
kins, 1980). The OMZ can act as an ecological barrier for
vertical distribution of many organisms, constraining most
zooplankton to a narrow (50 m) upper layer, as shown in the
coastal upwelling zone off Chile according to the works of
Escribano (2006) and Donoso and Escribano (2014). Zoo-
plankton also become limited to the upper 150 or 300m
in the eastern tropical North Pacific (Wishner et al,, 2013),
However, the OMZ can also offer refuge for species adapted
1o live there, creating microhabitats of differing oxygen con-
centration that are characterized by layers of high zooplank-
ton biomass and abundance, with distinct species zonation
(Antezana, 2000; Wishner et al, 2008; Fernindez-Alamo
and Fiirber-Lorda, 2006), which, in turn, may have impor-
tant consequences for carbon (C) eycling and its vertical flux,
For example, it s known that zooplankton in the coastal up-
welling region off northem Chile may play a significant bio-
geochemical role by promoting carbon flux into the subsur.
face OMZ (Escribano et al., 2009). Therefore a significant
proportion of the vertical material flux from the euphotic
zone 10 the deep sea (>200m) and within the food chain
could be determined by DVM of zooplankton (Longhurst and
Williams, 1992; Steinberg and Landry, 2017),

As important contributors to the functioning of the biolog-
ical pump, diel zooplankton migrants can actively increase
the magnitude of C export by transporting surface-ingested
material in thelr guts to deep waters where it can be metab-
olized (Steinberg and Landry, 2017), Zooplankton moults or
mortality st depth can also contribute to the transportation of
assimilated organic biomass into the deep waters (Ducklow
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etal, 2001). The biological pump process is also thought to
be related to the size structure of dominant zooplankton. This
because some groups with large body sizes may exhibit o
greater range of vertical migration and sometimes higher lev-
el of biomass, and so influences the biogeochemical fluxes
(Dai et al., 2016; Ducklow et al, 2001). However, the effect
of variable size structure on DVM performance and its con-
sequence for sctive C transport has indeed not been assessed.
Size structure is certainly related 1o zooplankion composi-
tion, which has hardly been properly addressed when ex-
amining the role of DVM on C flux. For instance, in arcas
with hypoxic subsurface layers some species are more ac-
tive migrants and thus more efficient C transporters, because
they have developed adaptations to low oxygen conditions
and can even use the OMZ as their habitat, elther temporar-
ily or permanently (Excribano et al., 2009; Gonzalez and
Quifiones, 2002; Seibel, 2011). Adaptation may include in
some cases reduction of serobic metabolism by more than
S0 % during exposure to hypoxic conditions as a mechanism
1o facilitate low oxygen tolerance, reducing dramatically en-
ergy expenditure during daytime within low oxygen waters
and therefore affecting the C flux in arcas subjected to low
concentrations of oxygen (Seibel et al., 2016),

C export to depth may alvo depend on the amount of
biomass being produced in the photic zone. Primary produc-
tion promaotes zooplankton feeding and growth, and therefore
determines C avallability for both passive and active trans-
port to depth, In this context, highly productive upwelling
zones can be assumed as systems where the C flux medi-
ated by zooplankton DVM can be enhanced, although it cer-
tuinly depends on the size and taxonomic structure of zoo-
plankton. In these regions, a shallow OMZ might exert o fur-
ther impact on the C flux by atfecting DVM or zooplank-
ton metabolism at depth. In the present study, based on venti-
cally resolved resolution sampling and automated analysis of
mesozooplankton, we assessed zooplankton vertical migra-
ton and downward C to the OMZ in the highly productive
upwelling region of northern Chile. We aimed at understand-
ing the role that taxonomic structure and size structure can
play in the magnitude and variability of the DVM behavior
nteracting with a shallow OMZ and the implications this in-
teraction can have on the magnitude of the downward C flux
in a highly productive coastal upwelling zone

2 Methods
2.1 Study area

The study arca was located in the southeast Pacific Occan
and covered the coastal zone of the northern upwelling region
of Chile 21-29"8) (Fig. 1), which i a region known to be
subjected to wind-driven upwelling throughowt the year and
contains an intense and shallow OMZ (Ulloa et al, 2012),
The sampling design comprised three stations: two stations
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Figure 1. Study area at the northern upwelling region of Chile. indicating sampling stations during the Lowphox cruise conducted in
November-December 2015 onboard the R/V Cabo de Homox. Saellite estimated net prmary production (NPP), averaged for November
December 2008 is shown NPP was obtained from httpe/www science. oregonstate.edw/ocean productivity/, last access: |7 December 2019

(SE T3 and St TS) ncross a zonal section off Tquique (20° S)
and a coastal station (St L6) off Cogquimbo (29" S) The
study was carried out during the Lowphox cruise conducted
in November-December 2018 onbourd the R/V Cabo de
Hormox. Al cach station, temperature, salinity and dissolved
oxygen (DO) were recorded from 1000 m (St TS5 and St.T3)
and only 356 m (St. L6) using an oceanogrphic rosette with
a CTD Seca-Bird 911 (SBE 911 plus) equipped with a Sea-
Bird SBE-43 oxygen sensor and a Sea Tech fluorometer. Dis-
crete waler samples were also obtained for chemical mei-
surements of oxygen.

22 Zooplankton sampling

Zooplankton samples were collected during daytime and
nighttime conditions on 2 consecutive days at the three sta-
tons off northern Chile (TS-T3-L6) (Fig. 1), also as in-
dicated in Table S1 (Supplement). Vertical hauls of zoo-
plankton were performed from 600 w0 Om depth with o
Multi Plankton Sampler Hydro-Bios MultiNet system with
n 0.25m® opening area and equipped with 200 um mesh-
size nets, The MultiNet towing speed was 1 ms~' and the
flowmeter in the mouth of the MultiNet estimated the vol-
ume of filtered water. Once onboard the collected zooplank-
ton samples were preserved immediately in 5% buffered
formulin-seawater solution. At T3 and TS, 4 replicate day
and night hauls were conducted (resulting in a total of 8 hauls
and 40 discrete samples at these stations). At L6, 2 replicate
day and night hauls were conducted (4 hauls and 20 samples
total) from 600 to Om depth. Each sample corresponded (o
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a different depth strta (30-0, 90-30, 150-90, 400-150 and
600-400 m depth). These strata were defined in secording to
distribution of oxygen concentration and localizution of the
OMZ (Fig. 2). Then, from the vertical profiles of oxygen and
coinciding with the sampled layers of the MultiNet, strita
were defined as follows:

= oxi¢ mixed layer (OX-ML), a welloxygenated
stratum - with  oxygen  approaching  air  saturation
(> 250 pumol O3 kg ')

= upper O gradient (oxycling), the level m which O3
reaches 4 9% of the surface Oy (Paulmier et ul.. 2006),
of which the base is located in the upper boundary of
the OMZ (45 pmol Oy isoline, OMZ-UB) (Escribano ¢
al., 2009; Hidalgo et al., 2005; Morales et al,, 1999);

= OMZ core, an upper boundary (OMZ-UC) with the low-
est concentration of Oy (<20pmol O; kg '),

= lower boundary (OMZ-LC) (1 10 <20 pmol Oz kg ')
= lower O gradient (OMZ-LW).

Depth ranges and oxygen levels for these strita are detailed
in Tuble 52

2.3 Taxonomic and size measurements
Taxonomic dentification and enumeration of taxa were car-

ried out by analysis of digitized Images obtined with the
Hydroptic ZooScan digital imaging system (Gorsky et al.,

Biogeosciences, 17, 455-473, 2020
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Figure 2. Vertical profiles of dissolved oxygen (On), temperature, chlorophyll a and witer density (a1), at three stations off northern Chile
(see Fig. 1) during the Lowphox Cruise in the austral spring 2015, Shaded areas represent different layers sampled with the MultiNet and
defined according to oxygen concentration. OX-M is the oxic mixed layer, OMZ-UB is the upper boundary of the oxygen minimum zone,
OMZ-UC 15 the upper core of the oxygen minimum zone, OMZ-LC is the lower core of the OMZ and OMZ-LW is the lower oxygen gradient.

2010). Each sample was wet sieved through a 1000pum mesh
into two size fractions, although a few samples were not split
into two fractions, because they contained 100 few anumals.
Then. each size fraction was fractionated again separately
with a Motoda splitter until the zooplankton concentration
was sufficiently diluted to avoid contact between organisms
in the ZooScan scanning frame. Fractioning into small and
large organisms. and consequent separate image acquisition
of the two size classes prevented underestimates of large,
rare objects which may need less fractioning (Gorsky et al,,
2010). A total of 179 subsamples were scanned and digitized
at a resolution of 2400 dpi after manual separation of ob-
jects on the scanning tray. After processing the samples with
ZooProcess software, each of the objects was automatically
sorted with the help of a learning set. and then the sorting
was visually validated by an expert (for details, see Chang
et al,, 2012; Gorsky et al., 2010). Organisms making up the
ZooScan datasets were enumerated. measured, biomass esti-
mated and classified into 27 taxonomic groups, such as cope-
pods, chactognaths, cuphausiids, gelatinous and other zoo-
plankton. The volume-specific abundance (ind.m ) of total
zooplankton or of each taxonomic group was calculated fol-
lowing Eq. (1)

iy Mol
Abundancem™ = Yo ©
where N is the number of individuals with same identifica-
tion (c.g. in last column written “copepod™), S (subpart) is the

th
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splitting ratio and Vol is net volume stratum-integrated abun-
dance (ind. m™2) was obtained after multiplying by width
(m} of a given stratum.

24 Patterns of vertical distribution of migrating
zooplankton

For the analysis of vertical distribution of organisms, the den-
sity estimates of the organisms were standardized to number
the of individuals per cubic meter (m) (for each stratum)
or per square meter (m?) (for integrated values), In order to
quantify the presence and extent of DVM of various taxa ot
each station, we calculated weighted mean depth (WMD) for
zooplankton abundance, as a measure of the center of grav-
ity of a population’s vertical distrbution for each taxon and
haul according to Andersen et al. (2004) following Eq. (2):

(o - 2i - i)

(ni-zi)
where d is the mean depth of the strata (m), z¢ the width
(m) of the strata and » the abundance (ind. m—) of a given i
taxonomic group.

We calculated the amplitude of verntical migration
(ADVM) as the difference between the WMD of the organ-
isms during the day and the night, and therefore this ADVM
was considered as the criterion 1o assess the DVM behavior
for each taxonomic group. Positive values indicated normal
DVM (pattern of nocturnal ascent by individuals that reside
at depth by day) and negative values indicated reverse DVM

LIWMD = (2)
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(pattern of nocturnal descent by individuals that reside near
the surface by day). The individuals that occupied the same
depth stratum by day and by night, whether near the sur-
face or at depth, were considered as non migrant according
to Ohman (1990),

2.5 Blomass estimates and carbon fluxes

The ZooScan Integrated System also provided zooplankton
body size in terms of area (mm?) or volume (mm”*) for each
organism. We used the organisms” area or volume to estimate
dry weight of each individual of different taxonomic groups
using published regression equations relating organism size,
area or volume to individual weight as detailed in Table S3.
Mass unit conversions between dry weight (DW) and car-
bon content (C) were performed using averaged conversion
factors obtained for different zooplankion groups (Kierboe,
2013) and ichthyoplankton (Childress and Nygaard, 1973)
(Table $3). Added biomasses (pg Cind. ") of individu-
als within taxonomic categories identified by ZooScan al-
lowed us to estimate total biomass per taxon (mg C m ™) for
each sample by station, daytime vs. nighttime condition, and
depth strata. Integrated values of biomass per depth stratum
(mg Cm™2) and taxon were calculated multiplying by the
stratum width (m).

To calculate the migrant biomass, we integrated biomass in
the upper 90 m layer from our two sampled strata 0-30 m and
30-90m. This 0-90m stratum was considered the upproxi-
mate above-oxycline layer after examining the vertical pro-
files of oxygen. Biomass at night was thus subtracted from
the corresponding day biomass in this layer o assess daily
changes involving migrants as in Putzeys et al. (2011). Thus,
the negative values of the day—minus—night biomass corre-
sponded o migrant biomass that reached the epipelagic kiyer
at might, including organisms inhabiting above and below the
oxycline.

The proportion of migrant biomass with respect to ob-
served blomass in the upper 90 m of a given taxonomic group
was defined at the rate of migration on a daily basis. This
rate of migration coukl thus be used as an index of DMV
behavior for 2 taxonomic group, We additionally estimated
daily migrant biomass from the difference between day and
night samples in the decper 90-600 m layer (integrated data)
and compared these estimates with those from upper -90m
layer.

To estimate the active C flux at cach sampling station, we
considered three processes contributing to C at depth medi-
ated by migrant zooplankton: respiration (R), excretion (E)
and mortality (M) at depth. Respiration at depth (>90m)
was estimated using the equation provided by Ikeda (1985)
that relates individual respiration rate with body mass and
temperature (Table S2), independent of taxonomic category,
which may have a minor effect on R, according to a more
recent assessment (Ikeda, 2014). Mean body mass (ug €)
for each taxonomic group from ZooScan estimates and mean

www.biogeosciences.net/17/455/20200/

in situ lemperature were used 1o obtain integrated R at cach
depth stratum. Estimates of R for each taxonomic group are
shown in Table S6. Integrated R per station for the 0-600
depth strata along with the corresponding integrated biomass
was then used o estimate the fraction of C being respired
at depth by zooplankton. The contribution of C by excretion
(E) at depth was assumed to be 31 % of R, as suggested by
Steinberg et al. (2000), and daily mortality at depth (M) was
considered to be in the range of 0.03 and 0,05, as suggested
by Edvardsen et al. (2002), so that a median valoe of 0.04 as
a fraction of migrant biomass was assumed. Vertical C flux
mediated by zooplankton was thus estimated as,

CFlux =MBx[(R + M + E)/2)] 3)

where MB is the migrant biomass (mg Cm~2), R and M
are daily respiration and mortality (expressed as a fraction
of migrant biomass), and £ is the C excretion expressed as
031 R. The three processes are divided by 2, assuming 4
12 h incursion at depth. We did not include the contribution
by egestion at depth because of the lack of reliable estimates
of ingestion rates in the photic zone during our study.

2.6 Statistical analysis

For swatistical analysis, as a criterion for determining if the
DVM was significant, we tested for differences in the WMD
mean between day and night using a two-tailed ¢ test. We
considercd the occurrence of DVM when the difference
n the WMD mean between day and night was significant
(p<0.05). In order 1o evaluate the similarity or dissimilar-
ity in the abundance and biomass among stations, strats and
day-night conditions, multivariate grouping techniques were
applied (“cluster analysis™), including ANOSIM (two-way
crossed analysis) tests and multidimensional scaling (MDS)
with the data transformed in PRIMER v 6.1.16 (2013) prior
to the application of the Bray-Curtis similarity index (Bray
and Curtis, 1957), In general, WMD for taxonomic groups
did not exhibit a pronounced bimodal vertical distribution.

3 Results

3.1 Hydrographic conditions

Across the zonal section off Iquique the offshore station
(St. T5) and onshore station (St. T3) showed two contrast-
ing hydrogruphic regimes regarding the OMZ. Station TS
had 2 less pronounced and thicker OMZ than station T3.
At both stations the five strata were well defined in the wa-
ter column (Fig. 2). The OX-ML (>250 pmol O; kg ') was
present at 18m (St, TS) and ISm (St. T3). The oxycline
gradually decreased from oxic (~ 250 pmol O3 kg™') to sub-
oxic (<20 umol O; kg~ ') conditions associated with a strong
stratification in the upper 80 m depth. The 45 umol O; isoline
(OMZ-UB) was at the base of the oxycline at 70 m (St. TS)
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and S9m (St T3). The OMZ core (<20 pmol O2 kg ') was
below the thermocline and below the 26 5kgm ™ isopyc-
nal, following description of Paulmier et al. (2006). In the
oceanic station (St TS) the OMZ core was between 80 and
S14m, while in the coastal station (St. T3) it was between
80 and S07 m with 423 m thickness. The O; concentration
in the OMZ core was ca. 1 pmol Oykg™'. The OMZLW
at both stations was delimited above the core and below the
depth where the O; slope changed significantly (slope break
>20umolm™') (Fig. 2).

The structure of the OMZ at the coastal station (St. L6) off
Coquimbo (297 S) (Fig. 1) was similar © St. T3 (217 ), but
in this arca the OMZ was decper and thinner. The OX-ML
was shallower. The OMZ-UB (45 pmol O3) in the base of the
oxycline was down to 80 m. The low O; concentrations in the
core were less intense than at 21° S (4 to 20 pmol O kg '),
and it was located below 100 m (Fig. 2). The OMZ-LW could
not be assessed because of lack of CTD data below 350 m.

Additional oceanographic vartables showed a surface
warming (>20°C) and strongly stratified conditions at the
three stations with a sharp thermocline in the upper 100 m,
coinciding with the oxycline, whereas chlorophyll a max-
imum (>3mg chlorophyll am~*was in the upper 20m
(Fig. 2).

32 Zooplankton composition and abundance

A ttal of 27 zooplankion taxa were identified by the
ZooScan and ZooProcess (Table S4). The number of taxa
varied among stations and strata. Across the zonal section off
Iquigue the number of taxonomic groups fluctuated between
23 (St T3) and 26 (St. TS), whereas 25 taxa were off 29° S
(St L6). The most dominant taxa at both daytime and night
conditions were copepods 87 % (in St TS), 79 % (in St T3)
and 69 % (in St L6). This group was constituted by small
copepaods, large copepods, the cucalanid copepods and the
Acartia spp copepods; fish cggs constituting 2 % (in St. TS),
5% (in St T3) and 6% (in St. L6); Nauplii being <1 % (in
SLTS), <1 % (in St. T3) and 7 % (in St L6y, Appendicularia
S%(nSLTS), 4% (in SLT3)and 3% (in St. L6) (Table S5),
The remaining 19 pooled groups only constituted <6 % (in
St TS), 115 (in St. T3) and 15 % (in St. L6). The total in-
tegrated abundances of zooplankton (0-600 m) by sampling
station arc in Table S$4. Based on a two-way crossed analysis
ANOSIM test, this water column integrated sbundance did
not show significant differences between day and night sam-
ples (p>0.05). However, the abundance of these zooplankton
groups reganding stations was significantly different (two-
way crossed analysis ANOSIM, p<0.05), so that the stations
were treated independently. Off Iguique the abundance was
the lowest ot the onshore station (St T3 with 18 %), which
was characterized by the strongest and most extensive OMZ
in the study arca. These values increased at the offshore sta-
tion (SL TS with 31 %), where the OMZ was less pronounced
and thicker. Unlike stations T3 and TS, the onshore station
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off 29°S (St L6) had & weaker and Jess extensive OMZ,
showing the highest zooplankion abundance (51 % greater).

13 Diel vertical migration (DVM) and vertical
distribution

Main migrant groups of zooplankton

The diel vertical migration of 27 zooplankion taxa in the 0-
600 m water column is in Fig. 3. These taxa were classified
into four groups according to their amplide of migration
(ADVM) (Tabic 1).

= Group J. Strong migrants, represented by taxa with a
strong DVM and a broad range of ADVM from 225 10
99m (in St TS), 440 10 84m (in St T3) and 208 10
87m (in St L6). This group constituted 70 % of taxa
with higher ADVM. The composition of taxa in this
group was variable at cach station (Table 1), but in gen-
cral this group was well represented by cucalanid cope-
pods (EC), cuphausiids (EU), Acartia copepods (AC),
ctenophores (CT), decapods (DC), annelids (AN), Bry-
ozoa L (BR), pteropods (PT) and chactognaths (CH),
These taxa were mostly concentrated in the oxic surface
stratum (OX-ML) and the OMZ core, showing a strong
interaction with both the OMZ-UC and the OMZ-LC,
and so changing from pormoxic to hypoxic conditions
and vice versa between 0 and S50 m (Fig. 3).

= Growp 2. Imermediate migrants, represented by taxa
with a moderate DVM and a range of ADVM from 73
10 34m (in St. TS), 70 10 27m (in St. T3) and 49 to
22m (in St L6). This group constituted 23 % of taxa
with moderate ADVM. The composition of taxa in this
group was also variable at cach station (Table 1), but it
was mostly represented by small (SC) and large cope-
pods (LC), Amphipods (AM), Cirripedia larvae (CL),
gastropods (GA), siphonophores (SIP) and Appendic-
ulana (AP). These taxa were mostly concentrated in
the oxic surface strata (OX-ML) and in the OMZ-UC,
showing some interaction with the OMZ core and ver-
tically changing from normoxic 1o hypoxic conditions,
and vice versa between 0 and 200 m.

= Group 3. Weak migrants, represented by taxa with a
weak DVM and a mange of ADVM of 24 10 18m (in
St TSy, 23 10 12m (in St T3) and 21 10 11 m (in
St L6). This group constituted S % of taxa with a of
low range of ADVM. The composition of taxa in this
group was also variable at cach station (Tabke 1), bt
in general it was represented by Hydrozoa (HY), salps
(SA), Platyhelminthes (PT), Decapoda larvae (DL), os-
tracods (OS), Nauplii (NL) and lehthyoplankton (IC).
These taxa were concentrated mainly in the oxic sur-
face strata (OX-ML) and in the OMZ-UP, but also in the
OMZ-UC at the onshore stations (Station T3 and Sta-
tion L6), showing much less interaction with the OMZ

www.blogeosciences.net/ 1 7/455/2020/



P. Tutasi and R. Escribano: Zooplankton diel vertical migration and downward C flux

core, while spatially moving from normoxic 10 hypoxic
conditions and vice versa between 0 and 100m.

= Grosp 4. Non-migrants, represented by taxa which did
not exhibit a significant DVM and had a range of
ADVM from 16 10 Om (in St. TS), 710 Om (in St. T3)
and 6 to Om (in St. L6), This group constituted | % of
taxa with not significant ADVM. The composition of
taxa in this group was also variable ot cach station (Ta-
ble 1), but in general it was represented by fish eggs
(FE), radiolarian (RA) and echinoderm Larvae (EL).

34 Vertical distribution and DVM of dominant groups

Vertical distributions of zooplankion were assesed for §
taxonomic groups, which represented 80% of total abun.
dance in awerage: copepods representad by small cope-
pods, large copepods, eucalanid copepods and Acarnia cope-
pods; cuphausiids; decapods lanac; chactognaths and an-
nelids, as well as their patterns of strata-station-abundance
relationships are detailed in Table S4. The abundance of
these zooplankion groups regarding depth strata was sig-
nificantly different (ANOSIM, p<0.05) st cach station and
by specific depth and oxygen concentration. In general,
the higher sbundance (>80 %) was found in the shallower
srata and well oxygenated layers (OX-ML and OMZ UB)
(>250pmol Oy kg™ '), and then #t decreased rapidly in the
strata associated with the OMZ core (OMZ-UC and OMZ-
LC). Below this stratum a second slight peak in abundance
was in the OMZ-LW in special at Sts. TS and L6, occurring
between 400 and 600 m, both daytime and night conditions.

As expecied, copepods numenically dominated the zoo-
plankion community both within and outside the OMZ.
Small copepods (SC) were the most abundant (T0%) fol-
lowed by large copepods (LC) (6% ), whereas the copepods
Acartia (AC) and cucalanid copepods (EC) showed the low-
ost abundances among copepods. The largest aggregation of
copepads (pooled data) ahogether during the entire study pe-
riod was at the offshore station St TS (87 %), where abun-
dances reached 192088 ind m~2. At the onshore station
(St T3) the percentage of the contnbution of copepods was
79% and 69% at the St L6 (Table S5). Off Iquigue, the
highest abundances were in the shallower strata (OX-ML) ot
St TS (46%) and a1 St T3 (47 %), and they were reduced in
thecore of the OMZ at SLTS (4% 1o 1 %) and st T3 (8% 10
1 %) between 90 and 400 m, where oxygen was at the Jlowest
concentrations (<20uM 10 | pM). A1 the St TS, the second
peak abundance was in the OMZ-LW stratum during daytime
condition, where oxygen levels increased after the extremely
Tow levels within the OMZ, while ot the onshore station St
T3 it was much less and it was present during ighimime con.
ditions, At the onshore station off 29° S (St L6), which has
a weaker and less extensive OMZ, the ventical distribution of
abandance was similar. However, the abundance of copepods
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wass Jowest in this station (& sbout 69 %) in companison with
stations off Iquigee, in the core of the OMZ the percentage
was between 5 % and 3%,

DVM of copepodds was pronounced at onshore stations
(Stations T3 and L6), but the strength of migration was
higher overall at St T3 off lguique, as reflected by the mi-
gration indices (WMD and ADVM) (Tuble 1). The WMD of
these taxa had a broad range (17-500m), which varied sig-
nificantly among copepods groups and stations, both in day
and night samples (p<0.05) (Fig. 3). During the night, at
the of fshore station (St TS) most copepods exhibited nonmal
DVM, and they were concentrated mainly in the oxic surface
strata (OX-M) and OMZ-UB (40-60m) without intcracting
with the OMZ: an cxception were the cucalanid copepods,
which concentrated deeper in the OMZLC stratum associ-
ated with the lower core of the OMZ and showing a high
ADVM (225 m). During the day these four groups of cope-
pods tended to remain decper in the stratum sssociated with
the lower core of the OMZ (OMZ-UC) and lower O; gradi-
ent (OMZ-LW ), except for the small copepods that remained
af the OMZ-UB stratum with a smaller AWMD (34 m). At
the offshore stations (Stations T3 and L6) the DVM was
reverse in most copepods, except for large copepads (L.C)
that showed slightly normal DVM at St L6 off 29°S. At
night copepods were concentrated deeper in the stratum as-
socisted with the lower core of the OMZ (OMZ-U) and
lower O3 gradient (OMZ-LW), particulardy Eocalanidae with
a strong DVM and high AWMD of 430 m (St. T3) and 208 m
(St L6) and Acartia copepods with 103 m (St. L6) (Table 1),
Whereas ot St L6 small copepods (SC) were caught in abun-
dance o the OMZ-UB stratum down to 82-90m depth, re-
spectively (Fig. 3). During the day. copepads remained shal-
Jower than at night, although they concentrated at different
depths. Small copepods were in the oxic surface strata OX-
ML (St T3) and remained in the upper boundary of the OMZ
(St. L6) without detectable DVM, as judging by the small
difference between their daytime and nighttime distributions
(DVM ca. 4m). Large copepads (LC), as expected, showed
a pormal migration and stayed inside the OMZ, concentrated
in the OMZ-UC stratum (St L6) and OMZ-UB (St T3). -
nally, Eucalamidae with a strong DVM tended 1o distribute in
the OMZ-UC (St T3) and the OMZ UB (SL L6) (Fig. 3),

Unlike copepods, the cuphausiids were more abundant
at the onshore Station L6 (<1 %), where they reached up
10 1683:£ 473 ind. m™> d~'. The OMZ UB stratum was the
most abundant in this station, with a peak of sbundance dur-
ing the daytime, however no DVM was detectable, judging
by the small difference between their daytime and nighttime
distributions (Fig. 3). Off Iquique, the highest abundance was
also in OMZ-UB stratum at night, but with a second peak in
OMZ-LC stratem during daytime in both stations (Sts. T3
and T3S) (Table 54). The cuphausiids appeared w perform a
strong DVM in these stations (Fig. 3), with a vertical range
betwoen 236 and 56 m and a mean ADVM of 181 moat St. TS,
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Figure 3. Weighed mean depth distribution (WMD) of the moplankion communry imerncting with the OMZ off Iquiqee (Sutions TS
and T3) and off Coquimbo (Station L6) 2 the porthern upwelling ares of Chale during the mstral spriog 2015, Shaded gray areas represent
different layers defined by their oxygen levels (defined in Methods ). The taxonomic groups were classiBed by asutonmted amalysis (ZooScan):
EC is cocalanid copepads, AM is amphipods. BR is Bryozoa linvae, AC s Avarnia copepadds. CT is ctenopbores, CL is Caripedia larvae,
OS is ostracods. CH is chactognaths, PT is pteropads, SA is salps. GA s gastropods, PL is Playhelminthes, DL is Decapoda larvae. FO is
Foraminifera. HY is Hydrozoa, LC is large copepods, SIP is siphosophores, EL is cuphassiids, FE = fish eggs. NP s nawplit, SC is small
copepods. AN s ssmelids. AP i Appendicularia. RA is radiolirian, DC s decapods, IC = chthyoplankson. EL = echinodenn lirvae.

and at St. T3 between 222 and 73 m with & mean ADVM of
149m (Table 1).

Decapods lanvse were more abundant st St TS (428 &
132ind. m?d ") and were associated with the OMZ-UB
stratum, where they performed a strong normal DVM with
a vertical range between 120 and 30 m, and a mean ADVM
of 90m (Table 1). At the offshore station (SU T3), the sur-

Biogeosclences, 17, 455473, 2020

face peak of abundance was n the OX-ML stratum dur-
ing the day and in the OMZ-UB layer at night, where they
reached up to 202+ 62ind m™> d ™, with a wesk reverse
DVM (ADVM-7 m). Off Coquimbo (St L6) they reached up
1040088 ind m~2 d~!, the OMZ-UB stratum was the most
abundant, with a slight second peak in the OMZ-LW stratum
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Table 1. Died vertical s pration mdices for 27 tanonomec groups (Tass ) identified and soned bry ZooScan at theee stations off morthorn Chile
(see Fig. 3 for acronymm ). during the susteal spring 2015, Amplitade of migration (ADVM) is in meters. Positive values indicale normal
DVM and negative values indicate reverse DVM (see Methads). Fowr groups are defimed in according 1o DVM behavior. Refative abandances

ate shown in %

s | ™ | s |
Taa ADVM % | Taxa ADVM & | Taa ADVM % | Migrans
EC 28 14| IC -0 2| KC K 20 | Soeg
PT -5 12| BV 149 10 | AM 15 11 | msigrases
EU 151 11| BR ~129 & | BR ~107 0 | >5%
AN s 9| CH «14 7| AC LA
Fo 12 & | AN s 7 |cCr - 9
e w 6 A -8 6| CL -K7 .
CH 5 6)|GA -8 S| Os » S
s A -~ S|CH M 3| Intormodiate
AM o4 4|8C - S| ¥ 3| migns
L St MNP -42 3| SA ¥ 1]»n%
DL 0 Y Am 42 31| GA -1 3
Lc 4 3|l - 2N » 2
HY N 2|SA n 2|bDL 2 2
SC M 2 HY -1 2|FO - 2
NP M 2|MT -2 1| HY 21 2| Weak
SA n | s NTOR TS 19 2| migrants
BR 1) 1| 12 1| Sir 15 1] >»1%
L. -5 1|08 -9 1 |® n 1
FE » 3 W -2 31K 2% 2| New
08 w 1D -1 o|NP 6 1| migrans
GA 15 1] AC - =|sCc -4 0| <1S
AP 7 ol = < LAN ok 0
AC - -|CT - <1 AP 200
cT - = |RA - <1RA - -
PL - -|DC -~ ~IbpC - -
RA - <|M = -1Kc - =
EL - =R == LB - -

during daytime, at this station the ventical range wans between
70 and 45 m, with a mean ADVM of 2m (Fig. 3).

The lagest aggregation of chactognaths was at the on-
shore station St L6 (~ 2% ), where thelr abundances reached
upto 475541038 ind m T d~" The abundance and blomass
of this group increased in the upper boundary of the OMZ
(OMZ-URB) during day and night. No DVM wan discernible
for this group in this station, bocause of the slight difference
between their daytime and nighttime distributions. By con-
trast, off Iquique they appeared o perform a strong DVM
between the OMZ-UB and the OMZ-UC strata, as indicated
by the migmtion indices (WMD-ADVM) (Table 1). How-
ever, ot the onshore station (St T3) they showed a reverse
DVM.

The other main tavon, Annelida was move abundant of the
onshore station St L6, where their abundances reached up
10 7395 £ 847 ind. ™7 4 (Table $4). In the whole arca, the
highest of abundance was in the OMZ-UB. however a secomd
peak of abundance was in the OMZ-LC during daytime at

www. blogeosciences.net/] 745520200

St TS and T3 and during the night at St. L6 The DVM of this
group was high off Iquigue with ADVM of 145m (St TS)
and 105 m (SL T3), while st St L6 off Cogquimbo no DVM
was discemible for this group,

Others groups with vertical distribution sssociated to
oMz uce

The remaining 19 groups constituted 11 % (in St TS) 17%,
(in St T3) and 27% (in St L6) in abundance. The DVM
behavior was variable ot cach station, but in general it was
normal st SU TS and revense st Sts. T3L6 (Table 1). These
proups clearly exhibited different daytime and night depths
associated with the OMZ core (OMZ UC-LC). Overall, they
tended to reside deeper by day and shallower by night in
S TS than ot the other sites (Fig. 3).

Blogeosclences, 17, 455473, 2020
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35 Vertical distribution of zooplankton biomass

Estimates (mean<SD) of blomasses of the taxonomic
groups integrated by depth strata are summarized in Table 2.
These data, averaged from day and night measurements, con-
trast with the numerical abundances, which were dominated
by copepods. In this case, the bulk of rooplankton biomass
way dominated by different groups depending on stations,
In terms of biomass, copepods, euphausiids, decapods L.,
chaetognaths and annelids accounted, more or less equally,
for >84 % In the whole area (Table 2). At the stations less
affected by the etfect of OMZ, the bulk of blomass was dom-
inated by copepods ~ 50% at St. TS and ~ 40 % at St. L6,
while decapods largely dominated the bulk of blomass wt
Station T3 (~ 40% ), followed by copepads (19 %) and eu-
phausiids (16%) (Table 2).

When assessing the day vs. night vertical distribution of
taxonomic groups in terms of their contribution to blomass,
different patterns arise compared to numerical abundance. In
this case, we used nine taxonomic categories (o examine ver-
tical distribution and DVM in terms of biomass: small cope-
pods (SC), large copepods (LC), Acartia copepods (AC),
eucalanid copepods (EC), euphausiids (EU), decapod lar-
vae (DL), chactognaths (CH), annelids und all the other taxs
(Fig. 4). Contrasting with numerical abundance, the vertical
distribution of biomass was mare heterogencously divided
among taxonomic groups, and DVM pattems vary strongly
between stations. Small copepods continue to dominate
the St TS (24 %), with two peaks of biomass, a surface peak
wssoctated o the upper oxic layer (OX-ML) and OMZ-UB
stratum during night condition, and o second peak associ-
ated 1o deeper stratum (OMZ-LW) during daytime. At the
onshore Stations T3 and L6 the blomass had o similar ver-
tical distribution but lower (~ 7 %). At the Station T3 the
peak of biomass was in the upper oxic layer (OX-ML,) during
daytime condition and then it decreased sharply within the
OMZ-UB and within the OMZ core (OMZ-UC and OMZ-
LC). This abeupt decrease in biomass coincides with the in-
tense OMZ present at this station T3, The second peak of
blomuss during daytime was in deeper stratum (OMZ-LW),
where oxygen conditions seem o be restored. Large cope-
pods dominate o the onshore St L6 (30 %), where their
biomass reached up o 172749 4 3408 mg Cm2d~" (Ta-
ble 2). A surface peak of blomass was associated with OMZ-
UB stratum during daytime condition, and a second peak
wiy associated with deeper stratum (OMZ-LW) also during
daytime. Off Iquique, they were the second dominant group
with o surface peak in OX-ML stratum during night at St. TS
and during daytime ut St. T3, and with o second peak in the
deeper stratum (OMZ-LW) during daytime in both stations
(Fig. 4), The blomass of Eucalanidae and Acarsia copepods
were lower than the other copepods in the whole area, but in
general Eucalanidac were associated to the deeper stratum.

Following copepods, cuphausiids were the second dom-
inant group in term of biomass in the whole area. In gen-
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eral, their ascent from deep layers to the upper ones ut
night was also evidenced by increasing proportions of this
group in the OMZ-UB stratum at night. The highest biomass
was in St L6 (19%), where it reached up to 106058 +
3058mg Cm *d”' (Table 2. A surface peak of biomass
was assoctated to OMZ-UB stratum during night conditions,
decreasing in the deep strata (Fig. 4). Across of the zonal sec-
thon off Tquique, two peaks of blomass were in both stations.
A surface peak was in OMZ-UB stratum during night condi-
tion followed by lower blomass within the OMZ core, then »
second peak was in the OMZ-LC during daytime.

Decapod larvae clearly dominated over copepods in the
St T3 (39 %). The high blomass was in OMZ-UB stratum
during night conditions followed by lower blomass within
the OMZ core. During night condition at the St. L6, a second
peak of blomass was observed. Chactognaths and annelids
were other groups with an important vertical movement of
biomass between diy and night scross strata, und like other
groups they had two peaks of biomass. The high biomass was
al St L6 in both groups (Fig. 4).

Total added biomass of zooplankton revealed more
clearly DVM behavior of the whole zooplankton commu-
nity (Fig. 5). The vertical distribution and daytime vs. night-
time variability of zooplankton blomass showed distinctive
features associated with the OMZ structure, with signifi-
cant differences (p«<0.05) between strata for both daytime
and nighttime samplings, as based on the ANOSIM test
(p<0.05). In the whole ares most of the biomass was con-
centrated in a narrow band within the OX-ML and OMZ UB
struta assoctated with more oxygenated surface waters, with
reduced values in deeper waters associated with the OMZ
core, especially ot the onshore station off Iquique (St. T3)
(Fig. 8), Overall, we observed that highest values of blomass
were during the night at the shallower sampling stratum (Ox-
ML) and in the subsurface during the day. There was also an
Important increase in blomass at the deepest stratum (OMZ-
LW) during daytime und night conditions.

Migrant blomass of the zooplankton taxi

The migrant biomass of the zooplankton taxa and the rate
of migration (RM), represented by the proportion of blomass
(%) being vertically moved daily from the upper %0 m, arc
shown in Table 3. Most dominant groups showed a high rite
of migration as reflected in the RM. In terms of migrant
blomass, Decapod larvae, cuphausiids, decapods, copepods
and chactognaths accounted for a large proportion of total
migrant blomass (81 %), although high estimates of migrant
blomasses were also associated with high standard devia-
tions, indicating a strong variation among replicated samples
(Table 1), Presence of zero values in Table 3 represents ab-
sence of u given taxonomic group in the upper 90m layer
or extremely low values of biomass under both daytime and
nighttime conditions (such groups did not contribute or had
a non-significant contribution to total migrant biomass).
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Table 2 Mean and standard deviation () of integrated biomass (mg Cm %) by taxonomic groups identified and sorted by ZooScan during
daytime and nighttime conditions at theee stations (T3, T3 and L6) sampled off northern Chile. during the sustral spring 2015, Mean £ SD

are from w = § for Stations TS5 and T3, and a = 4 for Station L6,

TS e L6
Taxa Integrated hiomsss  Integrated biomass  Ttegrated biomass
Copepods
large WITIL WeTSLS06 17274043408
umall 6755 +1159 IS +414 41614 2600
Encalatru 02101 242408 1178 4£4
Acartio 0m+00 000 +£00 (RS SN
Euphausids MOa8 T 6 41238 £ 1030 1060 58 £ 3058
Decapoda L WM+47 101561 £ 2946 ST 21768
Chactognaths 63974157 215204793 6485 £ 1729
Annclida 0VHLT4 MWLILE TU6T £ 1964
Decapods 23 EINTA 000 400 000x00
Ostracods 083+£29 2514419 17101 £152
Crenophores 045+02 101 44 £454 10001 £ 299
Hydrozoa A8 £99 BWL83 13290
1506460 12033 £3108 BIE£99
Siphonophores TIS3+254 S50t163 WITL£958
L& FI N aRN4132 2MML53
Platyhelminthes 000200 0.00£00 48832210
lchthyoplankton 162422 Mol Ll12s 000 L00
Nauplius I, 215208 LR +03 1978456
Preropods 42018 062402 502+£22
Foraminpher 045201 027401 755+09
Gastropods 035£01 021 £00 1.32£02
Clrripedia L 047400 009 400 125404
Bryoros L 0.9 +02 016400 070403
Radiolanan |00 005 +£00 060+02
Echinoderm L 0.01£00 0 £00 0O £00
Appendiculanan 000 0.00£00 000200
Fish ogg 000400 0.00 400 0,004 00
Total 1943 £ 438 20620572 $721 £1019

4 Discussion

Studics on zooplankton DVM and the active transport of C
mediated by zooplankton have been documented previously
for the Pacific Ocean and for other arcas of the world's
oceans, as summarized in Table 4. However, downward C
flux due 0 DVM in highly productive upwelling regions,
sich as northern Chile, which is also characterized by se-
vere subsurface hypoxic conditions upon presence of a shal-
low OMZ, is still poorly undenstood. Some studies have
shown that hypoxic conditions can interfere with DMV of
many meso- and macrozooplankton species (Wishner et al.,
2013; Ekau et al., 2010, Escribano et al., 2009; Apablaza and
Palma, 2006; Antezana, 2002:; Escribano, 1998). These stud-
ies have shown that small differences in oxygen concentra-
tion can make a large difference for zooplankton behavior,
physiology and adaptation (Wishner ct al., 2018; Kiko et al..
2016; Seibel, 201 1; Gonzalez and Quiones, 2002; Escrib-
ano and McLaren, 1999). Therefore, it seems that the OMZ
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can play a very significant role influencing vertical distribu-
ton, DVM and uitimately the downward C flux mediated by
rooplankton.

Our approach to assess downward C flux into the oxygen
minimum zone, based on estimates of the migrant biomass
and our proposed migration indices, allowed us on one hand
o examine the contribution that different zooplankton can
have to the vertical flux of C and hence export production. On
the other hand, it allowed us 10 assess zooplankton responses
(e.g. vertical distribution and DVM performance) to changes
In environmental conditions over the vertical gradient, such
as temperature, water density and the abrupt changes in oxy-
genation levels. In this subtropical upwelling region, verti-

cal gradients are much stronger than in temperate upwelling
2ones. For example, the coastal zone in this region s more

stratified and has a very shallow OMZ (< 50 m) with a weak
seasonal signal and moderate upwelling throughout the year
(Panlmier and Ruiz-Pino, 2009; Fuenzalida et al., 2009; Es-
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Figure 4. Daytime vx. nighttime vertical distribution of biomass of dominant taxonomic groups at three stutions off northem Chile: off
Tquique (Stations TS and T3) and off Coquimbo (Station L.6). Data are from night and day replicated samples during 2 consecutive days in
the austral spring 2015, Values represent means from sampling size n =4 for Sis. TS and T3, and n = 2 for St L6
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Figure 5. Vertical distribution of total zooplankton biomass during daytime and nighttime conditions at three stations off northemn Chile: off
Iquique (Stations TS and T3) and off Coquimbeo (Station L6) during 2 consecutive days in the austral spring 2015.),

cribano et al., 2004). This means thut zooplankton must cope
with hypoxic conditions during their entire life cycle, ex-
cept for some species that may reside in near surface water
(<30 m), such as C. chilenxis and C. brachiatus which have
been reported as mostly restricted 1o the upper layer with-
out performing any substantial DVM (Escribano et al., 2012,
2009; Escribano and Hidalgo, 2000, Escribano, 1998),

The vertical distribution and diurnal variability of zoo-
plankton biomass secem to be disturbed by the OMZ, such
that high biomass aggregates above the oxycline in a nar-
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row band within the OX-ML and OMZ-UB layers, associated
with more oxygenated surface waters, whereas extremely
low blomass reside in deeper waters, in particular within the
OMZ core. This condition was more evident in the coastal
station off Iquique (St. T3), characterized by the most intense
OMZ in the whole study area. In the castem tropical North
Pacific, blomass distribution scemed different, exhibiting a
secondary peak at depth during the daytime within the upper
oxycline or OMZ core (Wishner et al, 2013).
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Table 3, Migrunt biomass (mg Cm ™) and rate of migration (RM) (%) for taxonomic groups of zooplankton sampled off northern Chile at
three stations: off lquique (Stations TS and T3) and off Coquimbo (Station L6) during the sustral spring 2015, RM representy the proportion
(%) of migrant biomuss with respect 1o total biomass found at night in the 0-90m for a given taxonomic group. SD is standind devistion of
the migrant biomess estimated from s = 4 (Sts. TS and T3) and 1 = 2 (5S¢, Lo),

ST-T5 | ST-13 | ST-L6

Taxa MB SD RM% | MH SO RM% | MB SD RM%
Decapoda L 2450 1132 1| 96895 68515 401 1219 K62 !
Euphausiids 26950 190,56 11| 45514 320183 19 | 2479 175.M 10
Decapods 87693 62008 36 000 0.00 0 0.00 0.00 0
Chactognathy 2031 1436 1| 39072 276.28 16 | 10539 7452 Rl
Copepods

small 2331 15790 9 13902 9830 61 12819 9064 ]

large 18307 12045 8| 4378 3096 2] 4528 11344 10

Eucalanus 0.00 0.00 0 1.10 0.78 0 012 0,09 0

Acartia 0.04 0.03 0 0.00 0.00 0 0.62 044 0
Crenophores 0.00 0.00 0| 20289 14346 8 | %lel 51N 3
Annelidy 3250 2298 1 403 285 0] 15614 11041 6
Hydrozou 3583 25\ 1 780 5.52 0] 7904 55890 i
Siphonophores 380 407 1| S818 4114 2 0.33 0.23 0
Amphipods S62 398 0| 350 22 1| 3293 23 |
Salps 2736 19.M 1| 38S6 2727 > ] 4.57 Rt ) 0
Ostracods 1780 1259 1| 1292 914 1| 3637 2572 2
Plityhe lminthes 0.00 0.00 0 0.00 0.00 0] 6308 4061 i
Preropods 397 281 U] 007 0.08 0 9.85 6,96 0
Nauplius L .06 217 0 036 0.25 0 284 201 0
Foraminiphera 0.09 00 0 003 0.02 0 3 220 0
Cirripedia L 026 018 (1} 001 0.01 0 .87 1.32 0
Bryozou L 1.06 0.75 0 0.1% 013 0 0.x3 0.59 0
Gastrapods 0.22 016 0 012 0.0 0 011 0.08 0
Echinoderm lurvae 002 0.01 0 0.00 0.00 0 0.07 008 0
Ichthyoplankton 0.06 0. 0 000 0.00 0 0.00 0,00 0
Appendicularin 0.00 0.00 ] 0.00 0.00 0 0.00 0,00 0
Fish Eggs 0.00 0,00 0 0.00 0.00 0 0.00 0,00 0
Radioluarian 0.00 0.00 0 0.00 0.00 0 0.00 0,00 0

Regarding the estimates of bjomass for each of the taxo-
nomic groups, our approaches can certainly introduce varia-
tion, depending on selected regressions and conversion fac-
tors from highly diverse body shapes and body densities of
the zooplankton taxa affecting the estimates of body area and
volume, dry weight and C content. Virfous approaches have
been adopted for converting sizes to body masses. For exam-
ple, Lebette and Herndndez-Ledn (2009) provided some gen-
eral regression equations for subtropical and Antarctic zoo-
plankton describing the relationship between scanned area
and body mass (C content), These authors also proposed two
separate regressions for crustacean and gelatinous zooplank-
ton, because of different body densities. In our study, we
adopted more direct estimates of body masses by convert.
ing individual areas or volumes (from ZooScan) using pub-
lished regressions for separate taxonomic groups. Also, in
our samples there was a high diversity of taxonomic groups
as identified by ZooScan, such that unigue regressions for
crustacean and gelatinous organisms may lead to strong bi-

www.blogeosclences.net/1 7/455/2020/

ases in body mass estimates, because of high variability in C
content, which is the key component of body mass needed
to estimate C flux. Therefore, the use of taxa-specific con-
version fuctors, us those detailed in our Table S3 is strongly
recommended.

Despite the apparently hostile oxygen-deficient habitat, as-
sociated with the OMZ, we found that most taxa were able
to perform DVM in the upwelling zone withstunding severe
hypoxia. Even, several zooplankton groups are strong mi-
grants, exhibiting large DVM amplitude (~ 500 m). Among
them, an important migrant group is comprised by the eu-
calanid copepods, which have been described as even being
able to enter the core of the OMZ wnd then migrate down-
ward 1o the lower limit of the OMZ, which is slightly more
oxygenated (Hidalgo et al, 2005). In our study however,
their contribution to total migrant biomass was too small
(ca. 04 mg Cm 2 d™"), as compared to the estimate made by
Hidalgo et al, (2005), In fact, the migrant biomass and rate of
migration of this group was non-significant when consider-
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;anlall!i.&t:!g&.g.gzi-ni-:-:33&8—« migruory taxa in Pacitic Ocean. ?.ggg.gi&}ig.;
(g Cm 2 d 1), mvigrant blomsan (MB) (mg C m™ ), respirstory lows (R) (mg Cm ™ @~ 1), fhocal pellets production (7 tmg Cm ™ @~ 1) and montality (M) (mg Cm ™2 d '), Where
provided by authon, estimated passive expoet (POC) is listed. Fluxes refer 0 carbon export beneuth the epipelagic 2000 (150-200 m degeh, depending on the study ) in mg Cm~2 !

Locution Taxa " MH AC K F M GPOC References

N Hawaii ALOHA DVM zooplankton 108-216 71 2648 12<18  AbMutain and Landry (20015
N Hawali ALOHA 1579, 32-136 A7 I8 Sheinberg ot 4 (2008%)

NW P, DVM Metridia 418 144 9 3 s I 231-61K%  Kobarl et al (2008)

NW Px. DVM copepods 8 k 223 Takahashi et al. (2009)

NE P, Mesopelagic fishes 1 230 Divison et al. (2013)
Eantern Equator %.0£252 2212 29208 184 Zhang and Dam (1997)
Eastern Equatar DVM sooplankton ISMx£324 Tizla S4x1) 254 Zheng and Dam (1997)
Centrul Equator (HNLC) 29 o 4 Rodier and Le Borgne (1997)
Western Bquator a0y i 6 Rodier and Le Borgne (1997)
E Eq P DVM zooplankton 1214 k| 71 24 Rodier and Le Botgne (1997)
Wenlern BEquator DVM sooplankton 144447 2153997 73091 1644 1335 Hidaka of o), 12002)

Equaor divergence 28218 09-1.2 <1-2  Roman et al. (2002)
Oligotrophic area M2-33 % 1317 4 Roeun o al (2002)

E S Pac. N. Ohlle 503 Gonzalez ot al. (199%)

E S, Pac. N Ohlle 10000 Danert et al, 2000

8. Pac. N, Chile DVM Eucalunus R0-34 (LR Hidalgo ot ul. (2005)

E S, Pac. N. Ohlle DVM zooplankton 70 200 6700 Escribuno et ul. (2009)

E 8 Pac. N Chile DVM zooplankton 28333 1188 WS84 T8 Tted This stoady
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Table 5. Mean net primary production rate and of dally downward C flux due 1o passive sinking and mediated by diel vertical
mi gration (DVM) of mesozoaplankton at three stations (TS5, T3 and 1L6) in the coastal upwelling regivn off northem Chile during the austral
sprng 2015 Pramary production represents satedlite-hased estimates of monthly mean (November—December 2015) at the thiee sampling
stations. Passive C flux is & mean vahie estimated from sediment traps by Gonztlez et al. (2000) off Antofagssta (porthern Chike, 237 S)
for Janwary 1997 Total biomass and epipelagic biomass are mean observed salues from day-night conditioas afier 2 consecutive duys of

sanpiig

Station TS T3 L6 Meun + SD
Primary peoduction (Cm > d ") 1500 3500 3500 2833 £ 1155
Passive carbon flux (Cm—2d ") 1514 %
Integrated abundance ind m 2 (0-600 m) 221735 127085 371235 240018+ 123007
§ Total biomass mg (Cm =2 d~ 1) (0600 m) 1943 2620 5720 3428 4: 2015
Epipelagic biomass (mg Cm ™= d ™ ") (0-90m) 1581 1988 4259 2600 + 1443
Migrant biomass mg (Cm™ 2 d ™) (0-90 m) 1686 14K 139 957,72 778
Migrant bsomass mg (Cm™ 2 d 1) (90-600 m) 503 756 810 68902 164
Rate of biomass migration (%) 70 12 3 WM
Active carbon flux mg (Cm ™2 d™ ) 139 63 1 TLi3E04
Total active carbon exported (%) 9.3 L& 03 I8L48

ing DVM between the upper %0 m and below, suggesting i lit-
tle or no contribution to downward flux of € for this group of
copepaxds. However it seems that cucalanid copepods remain
below the oxycline or nearby the base of the oxycline day
und night, as shown by their weighted mean depth (WMD)
und therefore suggesting that they may still contribute to ver-
tical flux by feeding at the base of the oxycline at night and
then migrating into the OMZ during the day.

Other taxa, such as euphausiids, Acartia spp., other
copepads, ctenophores, decapods, Annclidac, Bryozoa L,
pteropods and chactognaths tended to concentrate their pop-
ulations inside the OMZ core showing & strong link to the
OMZ with important movement throughout the water col-
umn. Antezana (2010) showed that £ mcronata, an en-
demic and abundant euphausiid in the coastal upwelling zone
off Chile. is a well-adapted species to vertically migrate into
the core of the OMZ. In fact, the cuphausiids studied here
showe o Jarge DVM amplitue (~ 250 m), descending into
the core of the OMZ and below 250 m cach day. In general,
all strong migrants’ taxa showed a strong interaction with
the core of OMZ, remaining there either temporarily or per-
manently during day or night conditions, contributing in this
way to the release of C below the thermocline, despite pres-
ence of hypoxic conditions,

Our estimates of DVM-mediated C flux showed that mi-
grant biomass (958 =778 mg Cm~>d~') and C flux esti-
mates (71 £ 64mg Cm~2 d~!) of the major taxa performing
DVM were greater than those reported for the Pacific Ocean,
both in oligotrophic, such as Hawaii, and mesotrophic waters
such as the subarctic North Pacific (Steinberg et al.. 2008),
and even greater than that informed by Yebra et al, (2005)
within eddies with enhanced biological production. Most of
these previous estimates however have not been done i re-
gions with severe hypoxia or anoxia ot mid water depths (e.g,

www.blogeosclences.net/1 74552020/

Kiko et al,, 2016), such as the highly productive upwelling
region of the coastal zone off northern of Chile, where the
oxygen concentmtions may fall below < 1 pmol in the core
of OMZ (Paulmier and Ruiz-Pino, 2009). Moreover, only
fesw works have considered the whole zooplankton commu-
nity {Table 4). High productivity and strong aggregation of
zooplenkton in coastal arcas of this region (Escribano et al.,
2000; Escribano and Hidalgo, 2000) may promote greater
amounts of migrant biomass, This requires however thit
DVM should not be majorly constrained by presence of the
OMZ and that most migrant taxa are tolerant to low oxygen.
On the other hand, our estimates of downward C flux were
substantially lower than previous ones reported off northern
Chile by Hidalgo e al. (2008) for Excalanus inermis alone
(I4.1mg Cm d~"). ARhough, such previous estimates
may be too high, considering the level of primary production
in the upwelling zone of Chile (~ 10000mg Cm *d ', the
maximuem estimated valwe) (Daner et al,, 2000). 1t should be
noted that potentinl contribution to C at depth by faecal peliet
production {cgestion) was not considered in our estimate of
active transport. The lack of an estimase of ingestion rates at
the upper layer (nominally 0-90 m) precludes us 1o make re-
liable calculations of egestion at depth. We also consider that
in situ production of faecal pellets at depth (below the ther-
mocline) and its actual contribution to active transport of C
need further study, and it should be estimated for particular
feeding conditions.

Differences in our estimates with previous works may also
be accounted for by strong varability of zooplankton abun-
dance in the upwelling zone. In fact. our estimates of mi-
grant blomasses of the different taxonomic groups based on
2d of sampling and two replicates for each condition (day
and night) are strongly varisble, as shown by the standard
errors in Table 3, which can be & much as 100% from
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the mean value. Therefore, comparisons must take caution
upon strong time-space variation when assessing zooplank-
ton abundance. Nevertheless, i strong spatial variation in mi-
grant biomass was also evident when comparing the three
sampling stations. For Instance, St. L6 had more blomass
than the other stations, but much less migrant biomass in the
upper layer (Table 5), and thus a very low contribution to
vertical flux of C by DVM. At station L6, large copepods,
cuphausiids, annelids and chactognaths largely contributed
to biomass, although they did not show significant DVM.
Therefore, species composition and their DVM behavior ap-
pear as a key factor to determine the downward flux of C
mediated by active transport. Even although the OMZ did
not greatly prevent DVM migration, zooplankton behavior
appeared disrupted or exhibited reversed patterns, depending
on vertical distribution of OMZ and on the taxonomic group
being consiklered. This behavior was more evident at the on-
shore stations (Stations T3 and L6), but in particular at the
station off Iquique (St. T3) that also showed a higher mi-
gration rate (60 %). According to Ekau et al. (2010), other
Indirect effects could also be caused by the hypoxic con-
ditions, such us changes in prey availability, prey size or
predation risk, as well us changes in species composition,
the strength of which depends on the duration and inten-
sity of the hypoxic events. This could explain why individu-
als with in a single population can perform reverse, normal,
or non DVM, apparently depending on the more important
sources of mortality: predation by nocturnal feeding, nor-
mally migrating camivorous zooplankton or visually hunt-
ing planktivorous fish (Ohman, 1990). These kind of DVM
behaviors can only be better assessed and understood when
looking at the population level, although again time-space
variation in zooplankton abundance in a highly beteroge-
neous upwelling zone should be kept in mind. It is impor-
tant to consider that our automated analysis of the zooplank-
ton community may not account for differences in species
composition between stations or between stratin, and there-
fore changing DVM behavior within assigned groups be-
tween stations, such as strong migrants, or non-migrants may
obey to variable species compositions. Although the possi-
bility that same populations change their DVM performance
depending on changing environmental conditions cannot be
discarded, in particular referring to vertical distribution of
oxygen. Such effects may provide explanations for observed
variation in migrant biomass between stations, but also be-
tween strata. In fact, we noted strong differences in estimates
of migrant biomass when comparing the upper 0-90 m stra-
tum and the deeper 90-600 m stratum (Table S, also by taxa
in Table §7). Furthermore, sampling biases should also be
considered, especially when using a vertically towed Multi-
Net which may not properly sample large-sized zooplankton
at daytime conditions in the 0-90m because of net avoid-
ance, introducing o source of variation when comparing sur-
face vs. deeper layers under daytime and nighttime condi-
tons.

Blogeosciences, 17, 455-473, 2020

Concerning C fluxes, our estimates of active transport
of carbon by zooplankton were about half the estimates
of passive C sinking obtained off northern Chile at 60m
depth off Antofagasta (23°S) by Gonzalez et al. (1998)
based on sediment traps (12510 176 mg Cm~2d~'). Regard-
ing the efficiency of active C transport mediated by DVM,
we obtained satellite-based (http://www.science.oregonstate.
edu/ocean.productivity/, last access: 17 December 2019)
estimates of net primary production (monthly means for
November-December 2015) for the coastal area (Stations T3
and L6) and for the coastal transition zone (Station TS), av-
eraged for the months of November and December 2015,
Our estimates of downward C flux represented a mean of
cn. 4% of export of carbon resulting from net primary pro-
duction in the upwelling region, estimated in the range of
1500-3500mg Cm~d~" (Table 5). If we consider this s
accounted only by mesozooplankton, then an important frac-
tion of freshly produced C might be taken downward by zoo-
plankton, and this DVM-mediated C flux ought to be taken
into account when analyzing and modeling the C budget in
the upwelling zone.

5 Conclusions

In the coastal upwelling zone off northern Chile the pres-
ence of a subsurfuce oxygen minimum zone (OMZ) can im-
pose an important constraint for diel vertical migration of
ooplankton and so influences the downward C export me-
diated by zooplankton. We found that most of the zooplank-
ton biomass aggregates above the oxycline associated with
more oxygenated surface waters, and this was evident upon
presence of a more intense OMZ. Some taxonomic groups,
however, were found closely associated with the OMZ, and
several taxa were able to perform DVM in the upwelling zone
withstanding severe hypoxia. Also strong migrants, such as
large sized copepods and copepods of the group Eucalanidace
and cuphausiids, can exhibit a large migmtion amplitude
(~ 500 m), remaining either temporarily or permanently dur-
ing day or night conditions within the core of the OMZ, and
so contributing to the release of C below the oxycline (and
thermocline). Our estimates of DVM-mediated C flux sug-
gested that a mean migrant biomass of 957.7mg Cm~2d ™!
may contribute about 71.1 mg € m ™2 d ™! o the OMZ system
through respiration, mortality and C excretion a ot depth, ac-
counting for cu. 4 % of the net primary production and thus
implying the existence of a efficient mechanism to incorpo-
rate freshly produced C into the OMZ. This downward C flux
mediated by zooplankton DVM is however strongly depen-
dent on the taxonomic structure due to variable migration
amplitude and DVM behavior. These estimates should also
consider the strong temporal-spatial variation in zooplankton
abundance in the upwelling zone for comparison purposes.
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Table S1. Sampling data for Multinet tows by day (D) and at night (N) for five depth strata at three stations off

northern Chile, during spring 2015.

Station Haul Date Time  Latitude Longitude Sampling Depth (m)
Dla 29/11/2015 9:30 -20.05 -70.53 0-600
D1b 29/11/2015 16:30 -20.05 -70.53 0-600
Nla 30/11/2015 2:30 -20.05 -70.53 0-600
Nlb 30/11/2015 4:30 -20.05 -70.53 0-600
S D2a 30/11/2015 10:30 -20.05 -70.53 0-600
D2b 30/11/2015 15:00 -20.05 -70.53 0-600
N2a 30/11/2015 22:30 -20.05 -70.53 0-600
N2b 01/12/2015 4:30 -20.05 -70.53 0-600
Dla 02/12/2015 14:30 -20.07 -70.25 0-600
Dl1b 02/12/2015 18:00 -20.07 -70.25 0-600
Nla 03/12/2015 0:15 -20.07 -70.25 0-600
Nlb 03/12/2015 5:00 -20.07 -70.25 0-600
s D2a 03/12/2015 12:00 -20.07 -70.25 0-600
D2b 03/12/2015 16:00 -20.07 -70.25 0-600
N2a 04/12/2015 23:30 -20.07 -70.25 0-600
N2b 05/12/2015 0:15 -20.07 -70.25 0-600
Dl 09/12/2015 10:31 -29.29 -71.36 0-600
Nl 09/12/2015 22:30 -29.29 -71.36 0-600
St. L6
D2 10/12/2015 8:14 -29.29 -71.36 0-600
N2 10/12/2015 5:00 -29.29 -71.36 0-600
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Table S2. Depth intervals representing distinctive microhabitats characterized by specific depth and oxygen
concentration and the tean temperature (T7) in each stratum.

Dot Sl | ST LGBL 205 Rafwtvace
o o™ o ™

16 g ' upper

boundary of the OMZ (Escribano
ot al., 2009; Hidalgo of al, 2005;
Escribano ef al., 2004; Morales ef
al, 1999
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Table S3. Regressions equations between body area and dry weight (dw) given by Lehette and Hemandez Leon (2009)
and Marcolin: ef /. (2015) to eshimate biomass with the ZooScan Integrated System, Conversion factors used for
bromass estimation for 27 taxonomic groups were extracted from Kiorboe (2013} and Childress and Nygaard (1973).

Group ACRONYM a b Size Conversion factor
(C:owW)
Amphipods AM 49,58 W8 Area 0.345
Annelids AN 43.38 14 Area 0.299
Appendicularia AP 2.62E-08 W L 0.407
Bryozoa L. BRY 43,38 1% Area 0.432
Chaetognaths CH 23.45 b Area 0.367
Ctenophora CcT 43,38 134 Area 0.051
Small Sub C SC 45.25 1 Area 0.480
Large Sub C LC 45.25 1% Area 0.480
Acartia Sub C AC 45.25 154 Area 0.480
Eucalanidae C EC 76.71 Akt Area 0.480
Decapods DE 49,58 1% Area 0.419
Euphausiids EU 49,58 X Area 0.419
Fish Egg FE 1.40E-10 : Volume 0.407
Foraminifera FO &9 3 Volume 0.407
Gastropods GA 43.38 134 Area 0.227
Hydrozoa HY 43.17 102 Area 0.132
Ichthyoplankton IC 43.38 154 Area 0.438
Decapoda L DL 43.38 Lo Area 0.419
Echinoderm L EL 43.38 134 Area 0.407
Nauplius L NL 43.38 154 Area 0.407
Clrripedia L CcL 43.38 154 Area 0.407
Ostracoda 0s 99.46 438 Area 0.369
Platyhelminthes PL 43.38 134 Area 0.407
Pteropoda PT 43.38 14 Area 0.289
Radlolaria RA 43.38 1 Area 0.407
Salps sp SA 4,03 124 Area 0.109

Siphonophores | 43.17 18 Area 0.109




Table S4. Mean and Standard Deviation (=) of integrated abundance (ind. m~ d'’) by taxonomic groups sorted in
this study during daytime’ night condition at three stations off northern Chile. during spring 2015.

15 3 L6
. . S .
Copepods
Small Copepods 180698 &+ 44460 94735 = 24291 230268 &+ 46919
'Large Copepods 11384 + 2813 5961 + 1327 26840 &+ 4536
Acartia Copepod 3 + 1 0 + 0 200 + 83
Eucalanidae Copepod XS = 1 20 + 6 “ £+ 9
Euphausiids 434 + 82 341 + 66 1683 + 473
Decapoda Larvae 428 132 292 + 62 400 + 88
Chaetognaths 972 + 228 843 + 191 4755 + 1038
Annelids 3110 = 462 2824 = 4 7395 = 847
Fish Eggs 4304 = 6Mm 5759 = 1020 20848 = 4618
Nauplius larvac 1720 + 462 1014 £ 333 27837 = 9587
Appendicularian 10924 = 3208 5646 + 2098 11034 = 3568
Salps 995 + 218 3193 + 817 10347  + 3219
Ostracods 1342 + 234 2819 + 561 9899 + 1199
Siphonophores 3649 + 1243 2487 + 823 4616 + 1183
Hydrozoan 746 + 150 525 + 94 4397 + 1401
Foramuniphers 128 + 9 94 + 13 3564 + 370
Gastropods 450 = 115 180 + 24 1806 + 435
Platyhelminthes 0 = 0 0 £ 0 2410 + 1054
Cirripedia Larvae 112 + 28 58 £ 11 2190 + 839
Bryozoan 113 + 29 63 £ 15 208 + 120
Amphipods M =+ 9 195 £ 41 116 + 27
Pteropods 152 = 64 19 + 5 135 + 39
Crenophores 1 + 0 14 + 6 119 + 38
Echmoderm larvae 7 + 3 0 & 0 18 + 8
Radiolarian 1 =+ 0 4 + 2 14 + 5
Decapods 11 + 3 0 £ 0 0 + 0
Ichthyoplankton 4 = 1 1 S 0 0 P 0
Total ind. m* 221735 = 53698 127085  + 31229 371235+ 76618




Table S5- Daily average of relative abundance (%) for the 27 zooplankton groups sorted in this study

during daytime/ night condition at three stations off northern Chile. during spring 2015, Each depth
stratum represents a specific oxygen condition.

ST ST St L6
TAXA ox oz Total 52 oMz Total o oMz Total
UB UC L€ LW UB UC O LW UB  UC 1C LW
Major Groups
COFEPODS 87 79 09
sC 4“6 27 4 1 2 oo B 075 2 17 5. 3 R 5
e 3 2 <t <t <1 5 3 1 <1 <1 =<1 5 £l i 1 <1 o |
AC 0 <1 o 0 0 <3 0 o o 0 [ <1 0 <1 0 0 <1
£ 06 0 o <1 <| <I 0 <1 0 0 <1 <1 <] 0 <1 <1 0 <1
FE 1 <1 <1 <1 <1 2 201 <1 1 <1 5 2 3 <1 <1 <1 6
NL <1 <1 <1 <1 <1 <1 <l <1 <) =<1 <1 <1 6 1 <1 <1 <1 7
AP 1 1 <1 <1 <l 5 4 < <] <] <l 4 2 1 <] <| <1 3
OTHERS P2 1 1 <1 < 5 3 1 1 <1 1 o s 11 118
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Table S6- Carbon respiration (mg C m” d') in the Oxygen minimum zone (90-600 m) by zooplankton
groups sorted in this study during daytime/ night condition at three stations off northern Chile, during spring
2015. Respiration rate was estimated using regression provided by Ikeda (1985),

Taxa St. TS St T3 St. L6
Amphipods 0.06 016 0.68
Annelids 4.77 7.23 13.09
Appendicularia 0.00 0.00 0.00
Bryozoan 0.00 0.00 0.00
Chaetognaths 0.62 0.58 6.72
Cirripedia L 0.00 0.02 0.04
Crenophores 0.05 0.08
Acartia C 0.03
Eucalanidae C 0.01 0.09 0.48
Large C 7.28 7.23 38.94
Small C 12.14 12.29 21.27
Decapods 2.63
Decapods L 0.21
Euphausliids 6.51 717 3341
Fish Egg 0.00 0.00 0.00
Foraminiphers 0.06 0.06 0.62
Gastropods 0.01 0.04 0.14
Hydrozaa 0.34 118 3.58
Ichthyoplankton 0,07 0.40
Nauplius L 0,02 0.02 0.24
Ostracods 1.61 2.59 15,57
Platyhelminthes 0.83
Pteropods 0.00 0.00 0.00
Radiolarian 0.00 0.02 0.03
Salps 0.14 0.45 0.24

Siphonophores 0.16 0.17 0.75



Table S7- Migrant biomass (mg C m™) for taxonomic groups of zooplankton sampled in the deep stratum
(90-600 m) at northern Chile at 3 stations: off Iquique (Stations TS5 and T3) and off Coquimbo (Station L6)
during the austral spring 2015. SD= Standard deviation of the migrant biomass estimated from n=4 (St. T5
and St. T3) and n=2 (St. L6).

)
d
&

TAXA MB SD M8 SD MB SD
Decapoda_L 3.7 + 35 446.7 + 2579 8476 + 4855
Euphausiids 389.1 = 2146 3300 + 1584 1237 + 96.7
LargeC 173 = 116 43 + 30 157.5 + 1105
Small C 184 = 108 253 =+ 135 310 =+ 533
Eucalanid C 03 =+ 02 33 + 19 144 + 124
Acartia C 00 <+ 00 00 + 00 00 + 00
Annelida 86 + 159 311 + 394 834 4+ 575
Ichthyoplankton 49 + 7.7 501 + 289 00 + 00
Ostracoda 33 =+ 22 85 + 47 429 + 419
Chaetognaths 355 &+ 201 09 + 09 38 + 212
Hydrozaa 32 + 20 4.8 + 30 233 + 16.2
Amphipoda 6S eS8 75 = 16 84 + 80
Salps 14 + 04 11.7 + 66 01 + 02
Decapods 78 = 45 00 =+ 00 00 =+ 00
Ctenophora 09 + 05 0.0 + 00 3.7 4 21
Siphonophores 22 #BL4al1 00 =+ 01 16 =+ 086
Platyhelminthes 00 + 00 0.0 + 00 19 4 11
Foraminifera 03 = 02 0.2 + 01 08 = 2.7
Radiolaria 00 =+ 00 01 + 041 12 + 06
Gastropoda 01 =+ 00 01 =+ 00 08 + 06
Nauplius_L 00 + 01 0.1 + 00 06 4 0.7
Cirripedia_L 00 =+ 00 00 + 00 05 =+ 01
Pteropoda 00 =+ 00 00 + 00 00 =+ 00
Appendicularia 00 + 00 0.0 + 00 0.0 0.0
Fish_Egg 00 =+ 00 00 &+ 00 00 + 00
Echinoderm_L 00 =+ 00 00 + 00 00 + 00
Bryozoa 00 =+ 00 00 s+ 00 00 s+ 00
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4.2. CAPITULO 2. “Migracion vertical diaria y evasion de la depredacion bajo la
influencia de una zona de minimo de oxigeno”. JPR-2020-105

Articulo cientifico enviado a la revista “Journal Plankton Research”.

Autores: Pritha Tutasi, Rubén Escribano y Thomas Kigrboe.

Resumen

El estudio de la migracion vertical diaria (MVD) del zooplancton en areas de
surgencia sujetas a zonas minimas de oxigeno (ZMO) permite evaluar el papel de las
restricciones ambientales sobre el comportamiento adaptativo de las comunidades
zooplanctonicas. Aqui, nosotros estudiamos la MVD de potenciales presas y
depredadores del zooplancton en una ZMO superficial e intensa en el area de
surgencia costera frente al norte de Chile (21°S), durante la primavera (2015) y el
verano (2018). Nosotros encontramos que la variabilidad espacial y temporal en la
extension e intensidad de la ZMO fue un factor clave que modifico las distribuciones
presa-depredador, al influir en su amplitud MVD. En copépodos, el rango de amplitud
de MVD promedio estuvo entre ~40-200 m dependiendo de la clase de tamafio y el
periodo de muestreo. La MVD de este grupo en general se mostro fuertemente
restringida en condiciones de hipoxia severa asociada con una ZMO mas superficial,
intensa y extensa. En contraste, los eufausidos y los quetognatos exhibieron una
amplitud de migracion mucho mayor en el rango (~500 m). Nosotros observamos que
en las estaciones donde los predadores fueron abundantes en las capas superficiales
oxigenadas, como sifondforos, los copépodos mostraron una mayor profundidad,
distribuyéndose dentro la ZMO. Su comportamiento de migracién también vario en
estaciones mostrando MVD inversa, lo que sugiere una respuesta a la distribucion
vertical de los depredadores. Ademas, observamos una profundizacion progresiva con
el aumento del tamafio corporal. Concluimos que una ZMO poco profunda y su
variacion espacio temporal pueden alterar fuertemente las relaciones presa-

depredador en la zona de afloramiento, modificando el comportamiento de MVD.

69



Journal of Plankton Research

OXFORD Journal of Plankton Research

UNIVERSITY PRESS

Diel vertical migration and predation avoidance under the
influence of an oxygen minimum zone

Journal: J Journal of Plankton Research

Manuscript ID | Draft

Manuscript Type: | Original Article

Date Submitted by the

Author: | ™2

Complete List of Authors: | Tutasi, Pritha; Universidad de Concepcion, Doctoral Program of
Oceanography; Universidad de Concepcion, Instituto Milenio de
Oceancgrafia; Instituto Oceanografico de la Armada, Departamento de
Oceancgrafia y Metecrologia Maring; Universidad de Especialidades
Espiritu Santo, Facultad de Ingenieria Ambiental
Escribane, Ruben; Unlversidad de Concepclon Facukad de Clenclas
Naturales y Oceanograficas, Ocsanography; Untversidad de Concepcidn,
Instituto Milenio de Oceanografia
Kierboe, Thomas; Danmarks Tekniske Universitet, Oceancgraphy;
Technical University of Denmark National Institute of Aquatic Resources,
Centre for Ocean Life

Keywords: | Diel vertical migration, zooplenkton, oxygen minimum zone

http//momanuscriptcentral.com/jplankt



O 0 N OO v s W

10
11
12

13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

Diel vertical migration and predation avoidance under the

influence of an oxygen minimum zone

Pritha Tutasi’**, Ruben Escribano®” and Thomas Kiorboe®’

'Doctoral Program of Oceanography, Umversidad de Concepeion, Concepeion, Chile

“Instituto Milenio de Oceanografia (IMO), Casilla 1313, Concepeion, Chile

‘Direccion Oceanografia y Meteorologia Marma, Instituto Oceanografico y Antartico de la Armada
(INOCAR), Guayaquil, Ecuador.

“Department of Oceanography, Universidad de Concepcion, Concepeion, Chile

‘DTU AQUA National Institute of Aquatic Resources. Centre for Ocean Life

"Technical University of Denmark

Correspondence to: Pritha Tutasi (prithatutasi@udec.cl)

ABSTRACT

Diel vertical migration (DVM) of zooplankton m upwelling areas subject to oxygen mimmum zones
(OZM) allows to assess the role of environmental constraints for adaptive behaviors. Here, we studied
DVM of prey and predators of zooplankton in an mtense-shallow OMZ in the coastal upwelling area
off Northern Chile (21°S), m spring (2015) and summer (2018). We found that spatial and temporal
variability in the extension and intensity of the OMZ was a key factor modifying the prey-predator
distributions by influencing their amplitude of vertical migration (ADVM). In copepods, ADVM was
in the range of ca. 40-200 m depending on the size class, and it was strongly restncted under severe
hypoxia associated with a shallower, more intense, and thicker OMZ. In contrast, euphausiids and
chaetognaths exhibited a much larger ADVM in the range (ca. 500 m). When siphonophores were
abundant in the upper oxygenated layers, copepods displayed a marked deepening into the OMZ.
Reverse migration behavior was also observed as a response to vertical distribution of predators.
Further, we observed distinct patterns of progressive deepenming with increasing body size. We
conclude that a shallow OMZ and 1its temporal-spatial vanation can strongly alter the prey-predator
relationships in the upwelling zone by modifying DVM behavior.
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INTRODUCTION

Diel vertical migration (DVM) 1s one of the most important survival strategies evolved by zooplankton
m the oceans and probably represents the largest migration of biomass on the planet (Ringelberg,
2010). A normal pattern of DVM mwvolves the ascent of zooplankton populations to the euphotic layer
at dusk to feed dunng the mght before descending to depth at dawn (Lambert, 1989; Stemnberg and
Landry, 2017). Tius behavior has long been considered a strategy to avoid visual predators in near
surface waters dunng daylight (Zaret and Suffemn, 1976; Hays, 2003). In some cases, this pattemn 1s
altered, such that zooplankton populations may perform reverse migmtion. This nocturnal descent has
been suggested as an escape response to non-visually feeding invertebrate predators that do normal
DVM (Ohman er al,1983; Ingoien et al., 2004). Both normal and reverse DVM mmply coping with
abrupt environmental gradients while migrating. For mstance, in lughly productive Eastern Boundary
Upwelling System, there may be strong vertical gradients m oxygen driven by a shallow Oxygen
Minimum Zone (OMZ) (Fuenzalida er al., 2009; Schneider er al., 2007; Paulmier ez a/., 2006) that may
unpose a entical constraint for nugration behavior.

Previous studies of DVM of zooplankton m upwelling area off northern Chile have shown that the
OMZ can restnict DVM of most species to withun the narrow (50 m) upper layer (Escribano er al.,
2009; Donoso and Escnbano, 2014). Nevertheless, some strong migrants may temporanly enter the
OMZ or even reside in it (Antezana, 2002; Hidalgo er al., 2005). Recently, Tutasi and Escribano (2020)
exammed the DVM of zooplankton corumunity at northern Chile and found that some taxonomuc
groups were able to perform DVM in the upwelling zone withstanding severe hypoxia. For mstance,
large sized copepods, such as Eucalamdae and Euphausiids, exlibited a large migration amplimde
(~500 m) and resided either temporarily or permanently within the core of the OMZ. Tlis behavior has
also been observed m migrant organisms withun OMZ during the daytune at the Eastern Tropical North
Pacific (Wishner er ol , 2013; Maas et al, 2014). Therefore, the OMZs may act as a refuge to avoid
predators unable 1o penetrate the OMZ core (Wishner er a/,, 2008; Escribano er al., 2009, Wishner et
al., 2013; Maas er al., 2014),

However, DVM still remains poorly understood in oceans with an oxygen mmimum layer. A relevant
question is related to the understanding of the OMZ role in modifying prey-predator mteractions and
altering DVM behavior of both prey and predator. Here, auning at such understanding, we assessed the
interplay between OMZ, size dependent DVM, and predation avoidance in a coastal upwelling site of
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the Humboldt Current with a shallow and mtense oxygen mimmmum zone. We ultimately ammed at
determining the ecological role that the oxygen minmmum zone can play in DVM behavior as a

mechanism to reduce predation risk,

2 METHOD

Study area and sampling methods

We conducted our study in a coastal upwelling site at Northern Chile (21°S); an area subjected to
mtermttent wind-driven upwelling throughout the year, characterized by high levels of primary
production and containing an mtense and shallow OMZ (Fig. 1).

Two oceanographic campaigns (LowpHox cruses) were conducted during the austral spring
(November 2015) and n austral summer (February 2018) onboard the Chilean R/V Cabo de Homos.
Sampling was carnied out at two stations: Onshore Station (St, T3) and offshore station (St. T5) across
a zonal section off Iquique (20°S) (Fig. 1). Each station was characterized by vertical profiles of
temperature, salinity and dissolved oxygen (DO) from 1000 m to the surface by using an oceanographic
rosette equipped with a SeaBird SBE-43 oxygen sensor and a Seatech Fluorometer, Discrete water
samples were obtained for chemical measurements of oxygen.

Quantitative zooplankton samples were collected during day and night at both stations. Vertical hauls
were performed from 600 to 0 m depth with a Hydro-Bios Multinet system with a 0.25 m’ opening area
and equipped with 200-pum mesh-size nets. The Multinet towing speed was 1 ms™ and a flowmeter i
the mouth of the Multinet estimated the volume of filtered water. Samples were preserved m 5%
buffered formalin-seawater solution.

We sampled 5 depth strata classified in accordance with the distribution of oxygen and position of the
OMZ (Fig. 2) following Tutasi and Escribano (2020). These strata are named: Oxic mixed layer (OX-
ML) 30-0 m, OMZ upper boundary (OMZ-UB) 90-30 m, OMZ upper core (OMZ-UC) 150-90 m,
OMZ lower core (OMZ-LC) 400-150 m, and OMZ lower boundary (OMZ-LW) 600-400 m. Depth
ranges and oxygen levels for these strata are detmled in Table S1 (Supplemental Matenal).  Four
daytime and four nighttime replicate vertical hauls of zooplankton were collected in spring 2015 (8
hauls and 40 samples total in each station) and two daytime replicates and two mighttime replicates in
the summer (2018) (4 hauls and 20 samples total at each station).
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Zooplankton data processing

Samples were digitized with the Hydroptic ZooScan digital imaging system (Gorsky er al., 2010) to
determine taxonomic groups and the size structure of the zooplankton community. Each sample was
wet-sieved through a 1000 pym mesh into two size fractions (a few samples were not split as they
contained too few animals). Each size-fraction was then split with a Motoda splitter until the
zooplankton was sufficiently diluted to avoid contact between organisms in the ZooScan. 168
subsamples were scanned and digitized at a resolution of 2400 dp after manual separation of the
objects (organisms) on the scannng tray. The ZooProcess software was tramed with a leaming set.
Each mdividual organism was classified to one of 27 taxonomic groups, such as Copepods,
Chactognaths, Euphausud, Gelatinous and other zooplankton taxa. Identifications were subsequently
vahdated visually. Orgamisms were enumerated, measured, and their biomass estimated. Five size
classes, based on the equivalent sphencal diameter (ESD), were used to calculate abundance and
bomass of zooplankton per samples: Two small size classes (0.3-0.5 mumn and 0.5-1 mm), mtermedium
size (1-2 mm), and two large size classes (2-5 mm, >5 mm). Abundance was calculated as md. m*
while biomass was calculated as pg C m™” using regression equations relating body sizes (scanned
areas) and body biomass, as described in Tutasi and Escribano (2020). To determunate the effect of the
OMZ for the vertical structure of the zooplankton abundance we used the 5 strata previously defined
and biomass was also explored by splitting the water column mnto ecological zones based on depth,
temperature and oxygen profiles.

Selected taxa comprising potential predators and their prey were used to assess the vertical distribution
and DVM behavior in relation to the OMZ. For this, we used 6 taxonomic categones with their
corresponding size classes: Euphausuds (EU), Amphipods (AM), Decapods larvae (DL), Chaetognaths
(CH) and Siphonophores (SIP) as predators, defined as visual and tactle ones, and small Copepods
(SC), large Copepods (L.C), Acartia Copepods (AC), Eucalamdae Copepods (EC), as potential preys,
all integrated m the Copepod category. We chose these taxonomuc groups for 3 reasons: 1) m a
preliminary analysis they showed high abundance and frequency of occurrence m both sampling
periods, 2) they showed a very high vanability in DVM mcluding a clear reverse DVM pattem, and 3)
previous investigations on the vertical distnibution of these taxonomic groups had been camied out in
the coastal upwelling site off northem Chule.
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To quantify the presence and extent of DVM of prey and predators, we calculated the weighted mean

depth of each size category both day and mght (Andersen er al. 2004),
X(miezivdi) 1
£ (niexi) (0

where di is the mid depth of strata 7 (m), =7 the width of strata / (m), and »/ the abundance (ind. m™’*) of a
given xonomic group.

We also calculated the amplitude of vertical nugration (ADVM) as the difference between the WMD of
the orgamisms during the day and the night. These differences were used as a critenon for determimng
the DVM behavior of taxonomic groups. Positive values indicated normal DVM (pattem of noctumal
ascent by individuals that reside at depth by day) and negative values indicated reverse DVM (pattern
of noctumal descent by individuals that reside near the surface by day). The individuals that occupied
the same depth stratum by day and by night were considered as non-migrants (Ohman, 1990),

WMD =

RESULTS

Oceanographic conditions

The vertical distnbution of dissolved oxygen (DO) showed contrasting patterns between sampling
stations (Sts. TS- T3) and sampling periods (austral spring-summer) (Fig. 2). Hypoxic conditions were
more pronounced at the onshore station St. T3 than at the offshore station St. TS, and also in the
summer penod compared to the sprning condition. The 45umol O; 1soline, signaling the upper limat of
the OMZ, was at 70 m (St. TS) and at 59 m (St. T3) duning the spring, whereas in summer 1t was much
shallower at ca. 20 m (St. T3) and ca. 37 m (St. TS). Simlarly, at both stations, the marked upper
boundary of the OMZ core (20 pmol O: 1soline) was at ~80 m duning the spnng, whereas in summer it
was much shallower, 24 m (St. T3) and at 49 m (St. TS). The DO concentrations m the OMZ core
reached the detection linmut dunng the summer (< 1 pmol O;) at both stations, compared to the spnng
condition, when mmimum values were about 2 ymol O;. The lower OMZ boundary was at ~ 450 m at
St. T3 and 400 m at St. TS n the summer.
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Dunng the austral spring, oceanographic variables showed a surface warming (~20 °C) and stratified
conditions at both stations, as based on Sigma-t profiles. The thermocline was m the upper 100 m, and
it coincided with the oxyeline, whereas Chlorophyll-a maximum (>2 mg m™) was in the upper 20 m
(Fig. 2 €). In the summer, the differences between stations were more evident that spring (Fig. 2 D).
At St. TS the water column was strongly stratified with temperature greater than 25°C in the near
surface layer and with a marked thermocline i the upper 50 m, comciding with the oxycline, whereas
the Clhlorophyll-a maximum (>8 mg Chlorophyll-a m™) was located in the upper 30 m (Fig. 2 D). The
onshore station (St, T3) was charactenzed by lower temperature (< 20°C) and a weaker thermocline
(upper 5 m), associated with cold upwelled water, being consistent with high phytoplankton biomass
with maxiumum values of 10 mg of Chlorophyll-a m* m the upper 20 m.

Vertical distribution of zooplankton blomass and its size structure

When looking at the size structure of the zooplankton community it was found that the distribution of
the size classes varied significantly, both between stations and sampling periods, although at all cases
there were greater abundances of the small size classes (Two-Way Crossed Analysis, ANOSIM
p<0.05) (Table I).

The vertical distribution of the zooplankton biomass in five size classes differed significantly between
day and mght for both sampling periods (Fig 3, Two-Way Crossed Analysis, ANOSIM p< 0.05).
Overall, the zooplankton biomass was higher at might m the epipelagic zone as a consequence of the
DVM during both austral spring and summer penods. A small secondary biomass peak associated with
the OMZ core was also observed dunng daylight condition (Fig. 3). During the austral spring, the
highest biomass was above 90 m depth (OX-ML-OMZ-UB) at might condition, The larger size class
(>S mm) dommated m this stratum at both stations. The second peak of biomass was associated with
the lower core of OMZ (OMZ-LC) dunng the day, and it consisted mainly of the larger size class: 2.0-
5.0 mm (54 %) at St. TS and >S5 mm 49% at St. T3, During the austral summer, at the onshore station
(St. T3) a lugher biomass was concentrated above 30 m (OX-ML) both during day and night
conditions. The md-size class (1.0-2.0 mm) represented ~50% of the total biomass in tlus stratum. The
second peak of biomass was i the OMZ-LC stratum dunng the day, where 63% of biomass was i the
larger size class (>3 mm). The offshore stations (St. T3) showed the lowest biomass which was
concentrated above 30 m (OX-ML), where 31% was mn the nud-size class (1.0-2.0 mm),
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Vertical distribution of Prey and Predators

The vertical distribution of prey and predators showed distinet features associated with the OMZ
structure. Most groups showed the highest abundance in the oxygenated upper layers and low
abundance in the core of the OMZ (Fig. 4). Copepods were the most abundant taxa and were
distributed over all strata of the water column at both stations and sampling periods. The vertical
distribution was bunodal, with the bulk of abundance above and within the OMZ-UB and a subsurface
peak usually m OMZ-LW. Daytime vertical distnnbution showed a peak of abundance n the OX-ML,
with more than 50% of the total abundance of copepods, except at St. TS during the spring when a
significant shallow peak occurred at mght.

Predator abundances were approximately two orders of magnitude lower than those of copepods. Most
predators concentrated m the upper 30 m (OX-ML), except amphipods that peaked i the OMZ-UB and
Decapod Larvae that peaked below 400 m (OMZ-LW) at St. T5 in the austral summer. Most predators
had a minimum abundance in the core of the OMZ, except Euphausiids that showed a secondary
maximum in the OMZ-LC at St. T3 during the spring (Fig. 4).

The DVM behavior of prey and predators

The DVM behavior vaned significantly among size classes, stations, and sampling periods (Two-Way
Crossed Analysis, ANOSIM p<0.05) (Table II). During the spring, all size classes of copepods and
some predators (siphonophores, Chaetognaths and Decapods Larvae) exhibited reversed DVM at the
onshore St. T3, while at St TS the DVM was normal, except for Decapods Larva (Table II). In
summer, copepods showed a similar behavior to spring (reverse at St. T3 and normal at St TS5),
although with a narrow range of DVM. In contrast, all size classes of predators showed a normal DVM
at St. T3 and reverse at St. TS5, except by euphausiid that exhibited reverse DVM m the mid-class and
normal m the large size class at the onshore station St. T3, (Table IT).

Significant differences in the weighted mean depth (WMD) between diumal and nocturnal hauls were
detected for prey and predator (Two-Way Crossed Analysis, ANOSIM p<0.05) dunng both austral
spring and summer. The large size classes of these groups reached the greatest depths of residence and
showed a ADVM significantly higher (Two-Way Crossed Analysis, ANOSIM p<0.05) than that of
small and nud-size classes (Table IT).
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In summer, copepods resided deeper than in the spring at both stations, although the range of mgration
was rather narrow for all size classes (Fig. 5). The large size class (2.0-5.0 mm) resided significantly
deeper than the smallest and mid-size classes (Two-Way Crossed Analysis, ANOSIM p<0.05) both day
and night. The WMD of residence for the larger size class was associated with the OMZ-LW, while the
small size classes were associated with the OMZ-UB and OMZ-UC. The mid-size class was mainly
associated with the OMZ core (Fig. 5).

Predators were larger and their DVM ranges significantly broader than copepods (Two-Way Crossed
Analysis, ANOSIM p<0.05) during both austral spring and summer. Euphausiids and Chaetognaths
were stronger diel vertical migrators (Table. II). Overall, Euphausiids resided above OMZ-UC at might
and deeper during the day in the OMZ-LC (spring) and OMZ-LW (summer). We did not find
significant differences in WMD between night and day at St. TS, due to the absence of organisms
during mght tows (Fig. 6). The deep population of Chaetognaths resided in OMZ-LC in spring and
below 400 m in the OMZ -LW m summer. Decapod Larvae and Siphonophores did not exhibit a
significant DVM and were concentrated above OMZ core, except at St. TS dunng summer where they
concentrated in OMZ-LW (Fig. 7).

Size-dependent DVM
The amplitude of migration (ADVM) mcreased with body size for most taxa but was statistically
significant only for the most abundant taxa, such as copepods (Fig, 8, Table III).

DISCUSSION

The OMZ seems to be a rather permanent feature i the lughly productive upwelling region off
northem Clule (Fuenzalida er al , 2009; Paulmier er al., 2006) but the hydrographic conditions found
this study reflected striking difference between the onshore and offshore stations i both sampling
periods, The OMZ was shallower, more intense, and thicker at the onshore station St. T3 than at the
offshore station St, TS, and in the summer penod compared to the spring condition. This spatial and
temporal vanability in intensity and extension of OMZ implied significant changes i the patterns of
DVM of the zooplankton commumity, which may have wider implications for ecosystem function and
ultimately drive potential impacts for the food web and productivity of the marine system (Seibel,
2011; Wishner er al, 2020). In fact, our findings showed that during austral summer, where O,
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concentrations n the core of the OMZ reached the detection limt (<1 pmol O; kg at the core), the
community of zooplankton was characterized by lowest biomass and a constrained DVM behavior.
This is mainly due to the abrupt and shallow oxycline from oxic (~250 pmol O: kg') to suboxic (<20
pmol O; kg™), associated with a strong density and thermal stratification of the water cohmmn.

Diel vertical migrators and OMZ intensity

Our findings showed that m this hostile oxygen-deficient habitat copepods and mest predators are
capable of performmg DVM, even upon severe hypoxia, although with a moderate DVM and
deepenmg, as occurred i copepods during the austral summer.

The vertical distribution and diumal variability of zooplankton biomass are disturbed by the OMZ,
such that most of the taxa had highest abundance and biomass in the upper layers, followed by an
abrupt decrease in OMZ core. For instance, predators with larger body size were most abundant above
90 m and decreased with depth and decreasing oxygen concentration at both stations, and during both
sampling penods. By contrast, copepods had a bimodal distnbution both day and at night, with a deep
secondary peak below 400 m m OMZ-LW, where the oxygen condition appeared to be restored (>20
pmol O: kg'). This persistent peak has been observed in earlier studies mn the in the Eastern Tropical
North Pacific (Wishner er al., 2008, 2013, 2018), and it have been associated to lower metabolic cost
because greater food energy available (Saltzman and Wishner, 1997).

Furthermore, we detected a pattern of progressive deepemng with ncreasing body size at daytime and
might-time at both statons and both sampling penods, except for siphonophores (non-migratory
behavior). This pattern is apparently a consequence of size-dependent predation nsk (Ingoien er al,
2004), where OMZ seems to play a key role as a refuge at least for hypoxia-tolerant populations of
zooplankton, avoiding predation and so creating microhabitats associated with different oxygen
concentrations (Escribano and Hidalgo, 2000, Wishner er o/, 2008; Antezana, 2009). For mstance, m
copepods 1t has been previously suggested that small-sized individuals tend to remaimn in near-surface
waters both day and might, because their small sizes reduces the nsk of an encounter with visual
predators (Irigoien er @/, 2004; Ohman and Romagnan, 2016). Here, the smallest and largest copepods
resided deeper and appeared to be less affected by the low oxygen concentration in the OMZ core. The
smallest copepods, with a small range of DVM, resided above and within the OMZ core, when
siphonophores were abundant m the upper strata, while. large size classes with a pronounced DVM
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occupied mostly the deep hypoxic layer associated with the OMZ-LW. These size classes seem to be
more susceptible to visual predators, such as euphausids, which also exhibited pronounced DVM and
showed deep peaks of abundance in deep layers. The mid-size class resided shallowest, with small-
range excursions mto the hypoxic waters of the OMZ-Core. In this regard, it is unportant to note that
size-dependency of amplitude of migration vaned extensively among taxa, such that we did not detect a
clear size-dependent in most of the predators. In other words, amplitude of migration depends on the
taxa and their specific migrator behaviors, and not only on their size.

The DVM behavior of prey and predators

DVM behavior showed high vanability i the upwelling zone off Chule. For mstance, copepods showed
reverse DVM m both sampling penods, but only at the onshore station (St. T3) associated with an
intense oxygen mimmmum zone (OMZ), when predatory zooplankton with normal DVM (Amphipods,
Decapods L, Siphonophores) was abundant. This reverse behavior pattern has been explained as a
predator avoidance mechanism (Ohman ef o/, 1983; Ohman, 1990). Here, some predators such as
euphausiids also appear to show variability in DVM behavior depending on body size. This
dependence was evident only under conditions of severe hypoxia, as occurred at the onshore station St.
T3 dunng the summer, when euphausiids exlubited reverse DVM in the mid-class and nonmal in the
large size class. Similar behavior has been reported for Euphausia superba that migration upwards to
feed on phytoplankton during the day, and downwards dunng the mght to feed on zooplankton
(Hernandez-Leon er al , 2001).

CONCLUSIONS

This study provides evidence that spatial and temporal vanability mn the vertical extension and intensity
of the OMZ n the upwelling zone off northem Chile is an important factor modifying the prey-predator
interactions in the water column by modulating DVM behavior as follows:

1) In copepods DVM amplitude increases with the size but decrease strongly mm waters with severe
hypoxia associated with a shallow, mtense, and thick OMZ. This stresses the importance of OMZ
vanation for the community inhabiting the upwellmg zone. By contrast, visual predators, such as
euphausiids and chaetognaths, exhibited a large migration amiplitude (~500 m) mn almost all their size
classes, remaining either temporarily or permanently within the core of the OMZ.
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2) Copepods and their predators showed a high flexibility m DVM behavior. A clear reverse DVM
occurred in the onshore station associated with strong thermal stratificaton. This mverse pattern was
related to the vertical position of the tactile predators in the water column during the day.

3) The vertical distribution of zooplankton was conditioned by the OMZ: copepods displayed a marked
deepening, expanding their time within the OMZ when predators such as siphonophores were abundant
in the upper oxygenated layers.

4) We observed a pattern of progressive deepening with mcreasing body size both during day and night
at all sampling occasions, except for siphonophores (non-migratory behavior). This pattern may be
interpreted as a response to size-dependent predation risk.

S) The vertical distribution of the different size classes and the diel vertical migration behavior of prey
and predator into the OMZ core for prolonged periods (both day and night) provide evidence of the
ecological role that the oxygen minimum zone can play for DVM behavior as a mechanism to reduce
predation risk
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Table 1. Total integrated abundance of bulk zooplankton (individuals m™) per size classes (mm) off

Iquique at the northern upwelling area of Chile. Values are mean of n=8 (2015) and n=4 (2018).
. g -2015
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411 Table IL Amplitude of migration (ADVM in meters) for major zooplankion groups in the coastal upwelling zone off Nosthern Clale.
412 Positive values indicate noamal DVM and negative values indicate reverse DVM (see Methods). ADVM and Standard Deviation () are
413 mean of 0=8 (2015) snd u=4 (2018),
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Table I11. Non-linear best fitting of amplitude of migration (ADVM) as & function of size, estimated as
ESD (mm), of zooplankton performing DVM in coastal water off northern Chile under presence of a
shallow oxygen minimum zone (OMZ) during the Spnng 2015 and Swmmer 2018 at two stations:
mshore (13) and offshore (T5). Zooplankton were categonzed by taxonomic groups (TAXA) after
wdentification by ZooScan. Only sigunificant relationships are shown. D.F. are degrees of freedom
(regression/error). Copep=Copepods, Euphan=Euphavsids, Amph=Amphipods, Decap=Decapod
larvae, Chaeto=Chaetognaths, Sipho= Siphonophores.

‘Station Period  Taxa Function F=a*x"b R DF. ¥ P
T3-15 2015 All ADVM=99.79 Size"™ 07022 220 47.1669  <0.000]
T3-T5 2018 All ADVM=85.0d Size"* 04072 1719 130522 00019
Copep ADVM=125.62 Size"® 03966 216 105156  0.0031

Amph ADVM=12.28 Size*® 08678 23 196957  0.0213

s 2015 Decap ADVM=16.16 Size®® 08106 26 256793  0.0023
Chaeto  ADVM=79.82 Size' ™  (0.6499 215 92831 0.0285

2018 Copep ADVM=49.54 Size' 7 05367 215 173748  0.0008

2015 Copep ADVM=T79.81 Size' ' 06069 214 21614 0.0004

Is 2018 Chaeto  ADVM=68.75 Size' ™ 09008 23 272322 00137
Sipho ADVM=0,00 Size!' ' 09984 24 24729633 <0.0001
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Fig. 1. Eastern boundary upwelling systems (EBUS) charactenized by higher levels of pnmary
production and indicating our study area off northern Chile where the LowpHox cruises were
conducted in austral spring (2015) and summer (2018) onboard the R’V Cabo de Hornos. Satellite
estimated Net Pnmary Production (NPP) was averaged for November-December 2015 and
February 2018 and dernived from the vertical generalized production model (Behrenfeld and
Falkowski, 1997). Remote sensing data are available at from

http://science.oregonstate.edu.ocean.productivity.
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Fig. 4. Vertical distribution (individuals m™®) of size-classified prey and predators. Right: Day
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Fig. 5. DVM of potential prey (copepods) off Iquique (Stations T5 and T3) at the northern
upwelling area of Chile during the austral spring (2015) and summer (2018). Left panel:
Weighted mean depth as a function of prey body size by day (yellow lines) and night (blue lines)
conditions. Yellow shaded regions indicate size classes of copepods that show Diel Vertical
Migration. Values are mean of n=8 (2015) and n=4 (2018). The dotted lines show the strata
associated with OMZ. Right: Vertical profile of dissolved oxygen (O2). The shaded area shows

the position and extension of OMZ.
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Fig. 6. DVM of potential visual predator prey off Iquique (Stations T5 and T3) at the northern
upwelling area of Chile during the austral spring (2015) and summer (2018). Left panel:
Weighted mean depth as a function of prey body size by day (yellow lines) and night (blue lines)
conditions. Yellow shaded regions indicate size classes of copepods that show Diel Vertical
Migration. Values are mean of n=8 (2015) and n=4 (2018). The dotted lines show the strata
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associated with OMZ. Right: Vertical profile of dissolved oxygen (O2). The shaded area shows

the position and extension of OMZ.
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Fig. 7. DVM of potential tactile predator prey off Iquique (Stations T5 and T3) at the northern
upwelling area of Chile during the austral spring (2015) and summer (2018). Left panel:
Weighted mean depth as a function of prey body size by day (yellow lines) and night (blue
lines) conditions. Yellow shaded regions indicate size classes of copepods that show Diel
Vertical Migration. Values are mean of n=8 (2015) and n=4 (2018). The dotted lines show the
strata associated with OMZ. Right: Vertical profile of dissolved oxygen (O2). The shaded area

shows the position and extension of OMZ.
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Fig. 8. Body size-dependence of the amplitude of DVM of zooplankton performing DVM in
coastal water off northern Chile under presence of a shallow oxygen minimum zone (OMZ)
during the Spring 2015 and Summer 2018 at two stations: inshore (T3) and offshore (T5). The

blue line is the nonlinear regression (Power fit), the equations are reported in Table 3.
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Table S1. Depth intervals representing distinctive microhabitats characterized by specific depth and oxygen
concentration and the mean temperature (T°) in each stratum. provided by Tutasi and Escribano (2020).

Depth intervals Strata 02 Temperature (C°)
2015 2018 2015 2018
ST-
ST-T5 ST-T3 ST-T5 T3
0-30 0-30 | OX-ML | >200 pM -45uM 20 19 22 16
30-90 30-90 OS"BZ' 45 UM -20 pM 16 15 14 13
90-150  90-150 OS"CZ' <20 pM - 1pM 14 13 13 13
150-400  150-400 OE"CZ' 1 UM O3 - 20 pM 12 12 11 11
400-600  400-800 OL'V'V\f' > 20 UM O 9 8 7 7
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4.3. CAPITULO 3. “Reevaluacién de componentes para las estimaciones de transporte

activo de C”.

Articulo cientifico en preparacion para ser enviado a la revista “Frontiers in Marine

Science” (resultados preliminares)

Autores: Pritha Tutasi, Rubén Escribano, Igor Fernandez,

Resumen

Estudios sobre el transporte activo de C debido a la MVD del zooplancton en zonas
de surgencia altamente productivas como el norte de Chile son aln escasos y criticos. Por
lo tanto, comprender los mecanismos involucrados en este transporte son claves para
conocer el destino de la materia organica producida en superficie y transportada hacia el
interior de estos ecosistemas por los migrantes verticales. En este estudio la distribucion
vertical de la biomasa, indices de alimentaciéon, mortalidad parcial y respiracion de la
comunidad zooplanctonica entre 800 a 0 m fueron evaluados en dos estaciones ubicadas
en una seccion zonal frente a Iquique (20°S) en el norte de Chile. La informacion
oceanogréafica y las muestras de zooplancton fueron recolectadas durante el dia y la noche
en ambas estaciones durante el verano de 2018.

La distribucion vertical de la biomasa estuvo determinada por la ZMO,
concentrdndose en el estrato superficial tanto de dia como de noche y disminuyendo
marcadamente en el ntcleo de la ZMO. El flujo respiratorio total en el area de estudio fue
de 38.51 +£ 23 mg C m2 d’. En la estacion costera el flujo intestinal fue de 2.76 mg C m
d* mientras que los valores de ingestion potencial fueron menores (0.38+ 0.2 mg C m™
d1). Lamortalidad parcial estimada incremento con la profundidad, contribuyendo al flujo
de C con 3.22 + 3 mg C m™. Estas estimaciones sugieren que una biomasa migrante media
de ~ 322 mg C m2 puede contribuir con aproximadamente 48.11 mg C m2 d! a través de
la respiracion, el flujo intestinal, la mortalidad y la excrecién de C en profundidad, lo que
representa aproximadamente un 2% de la produccion primaria neta. Esto implica la

existencia de un mecanismo eficaz para incorporar C a la ZMO.

96



Re-assessing components for active transport estimates

Pritha Tutasi***, Rubén Escribano??, Igor Fernandez®,

'Doctoral Program of Oceanography, Universidad de Concepcidn, Chile

2Department of Oceanography, Facultad de Ciencias Naturales y Oceanogréaficas, Universidad de Concepcion, P.O.
Box 160 C, Concepcion, Chile

3Instituto Milenio de Oceanografia (IMO), Universidad de Concepcion, P.O. Box 160 C, Concepcidn, Chile
“Direccion Oceanografia y Meteorologia Marina, Instituto Oceanografico de la Armada (INOCAR), Guayaquil,
Ecuador

Abstract

Studies on active transport of C due to diel vertical migration (DVM) are scarce and critical for
carbon (C) flux models. Therefore, understanding the mechanisms involved in the active C flux
is needed to elucidate the fate of organic matter produced in the eastern boundary systems. Here,
we studied the vertical distribution of biomass, indices of feeding, partial mortality, and
respiration of the zooplankton community in two station across a zonal section in the northern
Chilean coast off Iquique (20°S), a highly productive area subjected to regular upwelling events
throughout the year. Zooplankton samples were collected during day and night at two stations

during summer. Biomass was concentrated in upper stratum associated to oxygen.

Studies on the active transport of C due to diel vertical migration (DVM) of zooplankton in
highly productive upwelling areas as northern Chile are still scarce and critical. Therefore,
understanding the mechanisms involved in this transport are key to knowing the fate of the
organic matter produced on the surface and transported to the into deep ocean by vertical
migrants. Here, we studied the vertical distribution of biomass, indices of feeding, partial
mortality, and respiration of the zooplankton community in two station across a zonal section in
the northern Chilean coast off Iquique (20°S), a highly productive area subjected to regular
upwelling events throughout the year. Oceanographic information and zooplankton samples
were collected during the day and night at both stations during the summer of 2018. Biomass
vertical distribution was influenced by the OMZ. The highest biomass was in the upper layer,
both during the day and at night, decreasing strikingly in the core of the OMZ. The total

respiratory flux in the study area was 38.51 + 23 mg C m? d. In the onshore station, Gut flux
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was 2.76 mg C m2 d1, while the potential ingestion was lower (0.38+ 0.2 mg C m?2d?).). The

estimated partial mortality increased with depth, contributing with 3.22 + 3 mg C m™,

Our estimates of DVM-mediated C flux suggested that a mean migrant biomass of ca. 322 mg
C m may contribute with 48.11 mg C m d! to the OMZ system through respiration, gut flux,
mortality, and C excretion at depth, accounting for ca. 2% of the net primary production. This
would imply the existence of an efficient mechanism to incorporate freshly produced C into the
OMZ.

Introduction

Ecosystems off the coasts of Chile is recognized as one of the most productive systems of the
world, and therefore, it plays an important role in the global exchange of inorganic C between
the atmosphere and the ocean (Fuenzalida et al., 2009). The C biological pump is a key system
that help to transfer this C into the ocean’s interior. The gravitational sinking of particulate
material (passive flux) and active flux by migrating animals, are two of their main components
(Longhurst and Harrison, 1989). The active C flux by diel vertical migration (DVM) of
zooplankton exports organic matter consumed each night from the surface to depth of residence
at day. Then, this C is released into the mesopelagic zone by respiration (Longhurst et al., 1990),
excretion (Steinberg et al., 2000b), egestion (Angel, 1989) and mortality(Zhang and Dam,
1997). Here, we focus on upwelling coastal zone off northern of Chile, where the high primary
productivity spawns higher the zooplankton biomass. A shallow oxygen minimum zone (OMZ)
is other permanent feature in the area (Paulmier et al., 2006), which may constrains DVM and
therefore determine C availability in the water column. Previous work in this area has shown
the contribution of zooplankton DVM to vertical fluxes of C. The work by Hidalgo et al. (2005)
reported a potential contribution due to Eucalanus inermis DVM for ca. 14.1 mg C m? d*,
Escribano et al. (2009) showed that a migrant biomass of zooplankton of 37.81 g C m? may
contribute about 7.2 g C m? d* through respiration, mortality, and production of fecal pellets
within the OMZ. Yarfiez et al. (2012) assessed the natural mortality (expressed as biomass) of
Paracalanus indicus which contributed with 1.2 mg C m d!, about 0.67% of passive flux of
C. Most recently, Tutasi and Escribano (2020) estimated DVM-mediated Carbon flux of
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respiration, mortality, and production of fecal pellets with allometric equation of 71.3 mg C m"
2 d! about 47% of the passive flux at a similar depth. These estimations show that zooplankton
is a key determinant in the ecosystem’s ability to regulate the downward C flux via DVM, even
in regions with severe hypoxia. However, the effect on physiological rates of migrant
zooplankton and its consequence for active C flux remains poorly understood in oceans with a
pronounced OMZ. For instance, Kiko et al. (2016) have reported a strong reduction in the
respiration and excretion rates of some taxa exposed to lower oxygen concentrations off Peru.
In contrast, Yafiez et al. (2012) have proposed that OMZ increases the mortality of some
copepods, inducing a higher flux of C into OMZ, via passive flux of dead organisms.

In the present study, we assess the vertical distribution of zooplankton biomass (as protein
content), indices of gut fullness (gut fluorescence), respiration (via the activity of the electron
transport system) and mortality (partial mortality) in order to (1) quantify the contribution that
migrant zooplankton can have for vertical flux of C compared with passive C flux in the highly
productive upwelling region of northern Chile and (2) determine the possible influence of the
OMZ on the variables studied.

2 Methods

Sampling was carried out in the austral summer (February 2018) onboard R/V Cabo de Hornos
during the LowpHox Il cruise. Two stations were sampled during daytime and nightime across
a zonal section off Iquique (20°S): an onshore station (St. T3) and offshore station (St. T5). This
is an area subjected to intermittent wind-driven upwelling throughout the year, characterized by
high levels of primary production (Fig. 1) and containing an intense and shallow OMZ.
Quantitative zooplankton samples were collected by four vertical hauls from 800 to 0 m depth
with a Hydro-Bios Multinet system with a 0.25 m2 opening area and equipped with 200-pum
mesh-size nets. The Multinet towing speed was 1 m s ! and a flowmeter in the mouth of the
Multinet estimated the volume of filtered water. Each sample corresponded to a different depth
stratum (800-400, 400-150, 150-90, 90-30, 30-0 m depth). These strata were defined according
to the oxygen levels in the water column and the location of the OMZ as described in (Tutasi

and Escribano, 2020). At each station, temperature, salinity and dissolved oxygen (DO) were
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recorded from 1000 m using an oceanographic rosette with a CTD SeaBird 911 equipped with

a SeaBird43 oxygen sensor and a Seatech Fluorometer.
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Figure 1. The world ocean illustrating the four major eastern boundary upwelling systems
(EBUS), characterized by higher levels of primary production, and indicating our study area off
northern Chile where the LowpHox Il cruise was conducted. Satellite Net Primary Production
(NPP) was averaged for February 2018 and derived from the vertical generalized production
model (Behrenfeld and Falkowski, 1997). Remote sensing data are available at

http://science.oregonstate.edu.ocean.productivity.

On board, the sample collected in the first tow was gently transferred from the cod-end to a glass
jar. Then, 4 ml of neutral red stain was added per 100 ml of collected sample. Zooplankton were
stained for 10 minutes before preserving the sample with 5% formalin in seawater buffered with
sodium acetate, according to (Yafiez et al., 2012). Samples were stored in dark and cold
conditions prior to analysis. In the laboratory, samples were acidified with acetic acid to pH<7
to develop the stain colour. Neutral red penetrates and stains dead zooplankton, whereas alive
zooplankton do not take up the stain (Elliott and Tang, 2009). Zooplankton was counted and

classified as dead, alive or detritus using a Carl Zeiss stereomicroscope Model: Discovery.V8
100
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with diascopic illumination, as suggested by Elliott and Tang (2011). Biomass was measured
using the procedure described by Lovegrove (1966). Live, dead, and detritus zooplankton
samples on preweighed filters were dried at 60 °C for 24 hours. The filters with the samples
were then weighed on a microbalance. The effect of formaldehyde fixation was correct adding
30% to the dry weight. Dry weight was converted to carbon units assuming a C/DW ratio of 0.4
(Dam and Peterson, 1993).

Zooplankton sample from the second tow was size fractionated into nominal size categories of
335-500, 500-1000, 1000-2000 and >2000 um. Size-fractionated samples were then frozen in
liquid nitrogen at -196 °C for future analysis. In the laboratory, samples were homogenized in a
glass-teflon tissue grinder (2000 rpm, 2 min) and subsamples were taken for protein, gut
fluorescence and ETS activity measurements. Protein content of samples was measured
following the modified Lowry-SDS method (Cadman et al., 1979), using bovine serum albumin
(BSA) as standard. Protein values were converted to dry weight using a DW/prot ratio of 2.49
given by Herndndez-Leon et al. (2019 a) and to C units assuming a C/DW ratio of 0.4 (Dam
and Peterson, 1993).

Gut Fluorescence was measured adding an aliquot of the homogenates in 10 ml of 90% acetone.
Then it was stored to extract gut pigments during 24 h at -20° C, in darkness (to avoid to
photodegradation). All  fluorescence readings was measured before and after acidification
(10% HCI) with a Turner Design Trilogy fluorometer (TD 040), previously calibrated with pure
chlorophyll-a. Gut pigments were calculated from the equations given by Strickland and Parsons
(1972), modified by Hernandez-Leon et al. (2001):

Chlorophyll = k (f, — f,) mg~! protein (1)
Phaeopigments = k (R f, — f,) mg~! protein (2)

where k is the fluorometer calibration constant, fo and fa the fluorescence readings before and
after acidification, and R the acidification ratio. All gut pigments data in this work include both
chlorophyll-a plus and phaeopigments. Although, we did not make corrections for loss of
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pigments, the background fluorescence was calculated. We used a background of fluorescence
of 0.1 pg of pigments per g of wet weight for all biomass, previously estimated in euphausiids
(Wilson et al., 1987). To converted to dry weight (DW) we used DW/WW ratio of 0.2
(Mauchline, 1969).

ETS activity was assayed using the method of Kenner and Ahmed (1975). Details of the
procedure are given elsewhere Maldonado et al. (2012). Respiration were estimated from the
ETS activities using a R/ETS factor of 0.56 empirically determined in a zooplankton community

from a similar upwelling ecosystem (Fernandez-Urruzola et al., 2014).

C fluxes

Here, we considered four processes contributing to downward C flux at depth, mediated by
migrant zooplankton: respiration (R), ingestion, excretion (E) and partial mortality (M) at depth.
To estimate these active C fluxes, we subtracted biomass, gut fluorescence and respiration night
profiles from respective day profile. Then, positive or negative day-minus-night values were
integrated. The biomass migrant was estimated by integrating the negative protein values from
0to 150 m

Zooplankton respiratory flux (RF) estimated from the ETS activities and Gut flux (GF) were
calculated as in Yebra et al., (2005) by integrating positive day-minus-night of respiration and
gut fluorescence respectively from 150 to 800 m (considered in this study as the residence depth
of migrants). Then, the integral of these values were divided by the integrated biomass at the
same depth to obtain specific values. Finally, we multiplied specific respiration rates (pumol
O2:mg proteint) and gut fluorescence (ug pigment-mg protein™!) at depth by the migrant
biomass, assuming 12 h as residence time at depth. To convert respiration into C units a RQ of
0.97 was used (Omori and lIkeda, 1984). For gut flux, C content was estimated assuming a
C/pigment ratio of 30 (Vidal, 1980) and assimilation efficiency of 0.7 (Conover, 1966) . We

102



also assumed no pigment feeding at depth, no pigment degradation and no interference of other

pigments during the residence time at depth,.

The contribution of dissolved organic carbon C through excretion (E) at depth was assumed to

make up 24% of the total respired and excreted C as reported by Steinberg et al. (2000).

We also calculated the potential ingestion (PI) requirements of the migrant community from the
integrated day-minus-night positive respiration values (R) below 150 m depth according to
Putzeys et al. (2011).

PI=1-R/0.7-0.3

Mortality by migrant zooplankton derived from dead biomass was assessed as partial mortality
(excluded of predation). To estimate the contribution of mortality partial to active C fluxes dead
biomass night profiles were subtracted from respective day profile. Then, negative day-minus-

night values were integrated., We also assumed 12 h as residence time at depth.
Finally, downward C flux mediated by zooplankton was estimated as:

C Flux = RF + GF + E + P + PM (5)

RESULTS
Oceanographic conditions

The vertical distribution of dissolved oxygen (DO) showed contrasting patterns between
sampling stations (Sts. T5- T3). Hypoxic conditions were more pronounced at the onshore
station St. T3 than at the offshore station St. T5 (Fig. 2). The 45 uM Oz isoline, which represents
the upper limit of the OMZ, was placed at ca. 20 m in St. T3, shallower than in St. T5 (ca. 37
m). Similarly, at both stations, the upper boundary of the OMZ core (20 uM O isoline) was at
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24 m (St. T3) and at 49 m (St. T5). The DO concentrations in the OMZ core reached the
detection limit (< 1 uM O) at both stations. The lower OMZ boundary was at 400 m at St. T5.
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Figure 2. The vertical distribution of dissolved oxygen (O2), temperature, Chlorophyll-a and
water density (sigma-t) off northern Chile during the LowpHox Il Cruise in austral summer
2018. Shaded areas illustrating the OMZ coinciding with the sampled layers of the Multinet:
Oxic mixed layer (OX-ML), OMZ upper boundary (OMZ-UB), OMZ upper core (OMZ-UC),
OMZ lower core (OMZ-LC) and lower Oz gradient (OMZ-LW).

Both sampling station were strongly stratified (Fig. 2). At St. T5 the thermocline was coincident
with a shallow oxycline in the upper 50 m. The Chlorophyll-a maximum (>8 mg Chlorophyll-a
m-3) was located in the upper 30 m. At onshore station (St. T3), a weaker thermocline (upper 5
m) was associated with cold upwelled water, being consistent with high phytoplankton biomass

(10 mg of Chlorophyll-a m=) in the upper 20 m.

Biomass
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The vertical distribution of zooplankton biomass measured as protein content, at both sampling
stations differed significantly between day and night in all size classes (Two-Way Crossed
Analysis, ANOSIM p< 0.05). Biomass was higher at night in OX-ML and was dominated by
the largest size class (>2 mm) at St T5 and by the smaller size class (500-1000 mm) at St T3
(Fig. 3). A secondary peak was observed in the OMZ-LW (400-800 m), which consisted mainly
of the largest zooplankton. The highest values of zooplankton migrant biomass in the upper 150

m were found at the onshore station T3 and it was dominated by the largest size class.
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Figure 3. Biomass in terms of protein content (mg protein- m—): Day and night size-fractionated
zooplankton biomass distribution off the northern coast of Chile. Values are mean of n=4
(2018).

Zooplankton Respiratory Flux

Specific respiration rates from specific ETS activity showed higher values above 150 m at night
in both station, which coincided with a higher migrant biomass. The lowest specific respiration
rates were associated to OMZ-UC. At the offshore station (St. T5), the largest size class showed
the highest respiration values in the OX-ML both during daytime and night-time and decreased
in the OMZ-UC. Slightly higher levels were observed in the OMZ-LC during the day and OMZ-
LW during the night. At the onshore station (St. T3), the smaller zooplankton showed the highest
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values of respiration in OX-ML both during the day (500-1000 pm) and during the night (335-
500 pum). Below 150 m we observed a second peak of respiration in the OMZ-LW associated
with the largest zooplankton. The respiratory flux varied between 21.94 (St. T5) and 55.08 (St.
T3) mg C-m2.d"! (Table 1).

Gut fluorescence and Potential ingestion

The results of gut fluorescence are presented only for the onshore station St. T3 (Fig. 4). The
specific gut fluorescence profile (ug pigment-mg protein™!') showed significant differences
between the smaller and larger size class. During the day, the gut fluorescence was higher than
during the night in the smallest size class (335-500 pm). The night-time profiles also presented
a single peak in the OMZ-LC and it consisted mainly of the largest size class. Gut flux was 2.76
mg C-m~2.d"! (Fig. 4), whereas the gut flux assessed from potential ingestion ranged between
0.49 (S. T5)and 0.26 (S. T3) mg C-m2-d"..
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Figure 4. Day and night profiles of size-fractionated zooplankton in the two stations located off
the northern coast of Chile: Specific respiration rates of the different hauls performed (umol

O2-mg protein) and specific gut fluorescence (ug pigment-mg protein').

Mortality

Total integrated biomass (dead and alive zooplankton) was lower at the St. T5 (1360 mg C m™)
than at the St. T3 (2594 mg C m2). Dead biomass represented 17 % (St. T5) and 8 % (St. T3)
of total biomass. Both stations showed an increase of dead zooplankton with depth, reaching
the highest proportion of dead biomass below 150 m in the OMZ-LC during the day (Fig. 5).
We also observed an increased dead biomass with depth at the onshore station T3, although the
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samples did not show staining in upper stratum OX-ML. It could be related to variation of stain
uptake with different taxa Omori and Ikeda (1984). The highest proportion of dead biomass was
in the OMZ-UC at night (Fig. 5).
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Figure 5. Day and night biomass profile off Iquique at the northern upwelling area of Chile.

Biomass as Alive, dead and detritus (mg C- m™3).

The contribution of partial mortality (from dead biomass by DVM of zooplankton) to downward
C flux was 1.1 mg C m at the St. T5 and 5.33 mg C m™ at the St. T3 (Table. 1), accounting for

ca. 3% of passive C flux.
C fluxes

Total contribution of the active C flux by respiration (R), ingestion (GF), potential ingestion,
excretion (E) and partial mortality (PM) at depth, was 26.17 mg C m2-d* at St. T5) and 71.04
at St. T3 (Table 1), accounting for ca. 32% of passive C flux in this region.
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Table 1. Active fluxes (mg C m2 d™!) obtained incubating the organisms at two stations (St. T5
and St. T3) in the coastal upwelling region off northern Chile during the austral spring 2018.
Primary production represents satellite-based estimates of monthly mean (February 2018) at the
two sampling stations. Passive C flux is a mean value estimated from sediment traps by
Gonzalez et al. (1998) off Antofagasta (northern Chile, 23 °S).

2018
Carbon fluxes ST.T5 ST.T3 Mean = SD
Primary Production 1159.01 3298.42 2833.33 = 1155
Passive Carbon Flux 151.00 =+ 36
Total Biomass 297.90 838.61 568.26 + 382
Migrant Biomass 111.31 533.39 322.35 = 298
Respiration Flux 21.94 55.08 38.51 + 23
Excretion Flux 2.63 6.61 4.62 + 3
Partial Mortality 11 5.33 3.22 + 3
Gut Flux - 2.76 2.76 +
Potential Ingestion 0.49 0.26 0.38 + 0.16
Active Carbon Flux 26.17 70.04 48.11 + 31
Total  Active  Carbon 2.3 2.1 2.19 + 0.1
exported %
Total Passive Carbon - - 5.33 +

exported %
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5. DISCUSION

El transporte activo de C mediado por el zooplancton migrante ha sido
documentado previamente en el Océano Pacifico y otras areas del océano a nivel mundial
(Bianchi et al., 2013; Frangoulis et al., 2005; Hansen y Visser, 2016; Kobari et al., 2008;
Mayzaud y Pakhomov, 2014; Steinberg et al., 2008a; Steinberg y Landry, 2017; Yebra et
al., 2005). Sin embargo, aun son escasos en zonas de surgencia altamente productivas,
como el norte de Chile, caracterizados por condiciones de hipoxia severa a nivel
subsuperficial debido a la presencia de una ZMO poco profunda (Fuenzalida et al., 2009;
Paulmier et al., 2006). Los resultados de esta tesis basados en las estimaciones de
biomasa, indices de migracion, e indices metabdlicos del zooplancton tales como los
indices de fluorescencia intestinal, respiracion (actividad ETS), asi como de mortalidad
(mortalidad parcial) permitieron examinar la contribucién del zooplancton migrante a la
exportacion de C. Respuestas del zooplancton a cambios en las condiciones ambientales
sobre el gradiente vertical de temperatura, densidad del agua y cambios abruptos en los

niveles de oxigeno también fueron evaluados.

A pesar de que la ZMO es una caracteristica permanente en la regién de surgencia
altamente productiva frente al norte de Chile (Fuenzalida et al., 2009; Paulmier et al.,
2006) diferencias notables en las condiciones hidrograficas entre las estaciones costeras y
oceanica fueron encontrados durante la primavera y verano austral. La ZMO fue mas
superficial, mas intensa y con mayor espesor en la estacion costera (St. T3) que en la
estacion oceanica (St. T5), y en el periodo de verano en comparacion con la primavera.
Esta variabilidad espacial y temporal en la intensidad y extensién de la ZMO implicd
cambios significativos en la estructura de las comunidades zooplanctonicas, asi como en
sus patrones de MVD vy actividad metabdlica, los cuales podrian tener potenciales
implicaciones en la funcion del ecosistema como ha sido previamente reportado por Seibel
(2011) y Wishner et al. (2020). De hecho, durante el verano austral, donde las
concentraciones de O2 en el ndcleo de la ZMO alcanzaron el limite de deteccion (<1 pumol
02 kg?), la comunidad de zooplancton presentdé una biomasa mas baja y una MVD

estrecha. Esto debido principalmente a la presencia de una oxiclina poco profunda con
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cambios abruptos desde condiciones dxica (~ 250 pmol O2 kg™) a suboxica (<20 umol O
kg™), asociados con una fuerte estratificacion térmica de la columna de agua. Esto sugiere
que el zooplancton debe hacer frente a condiciones hipdxicas durante todo su ciclo de
vida, a excepcion de algunas especies que pueden residir en aguas superficiales cercanas
(<30 m) sin realizar ninguna MVD significativa, tales como C. chilensis y C. brachiatus,
reportadas para esta region por varios trabajos (Escribano, 1998; Escribano et al., 2009,
2012; Escribano y Hidalgo, 2000).

5.1. Composicion taxondmicay distribucion vertical del zooplancton migrante en la zona
de surgencia frente a Chile.

La distribucion vertical y la variabilidad diurna de la biomasa del zooplancton en
este estudio estuvo asociada a la estructura vertical de la ZMO, de modo que la mayoria
de los taxa mostraron los mayores valores de abundancia y biomasa en los estratos
superficiales, seguidos de una abrupta disminucién en el nucleo de la ZMO. Por ejemplo,
los euféausidos, anfipodos, larvas de decapodos, quetognatos y sifonéforos (organismos
con mayor tamafio corporal) fueron mas abundantes por encima de los 90 m y
disminuyeron con la profundidad y con la disminucién de la concentracion de oxigeno en
ambas estaciones y durante ambos periodos de muestreo. Por el contrario, los copépodos
mostraron una distribucion bimodal tanto de dia como de noche, con un méaximo
secundario por debajo de 400 m (ZMO-LW), donde las condiciones de oxigeno parecen
restablecerse (>20 pmol O, kg™). Este maximo secundario ha sido descrito como una
caracteristica Unica de regiones con ZMO, de acuerdo a los estudios realizados en el
Pacifico Norte Tropical Oriental (Wishner et al., 2008, 2013, 2018). Wishner et al. (1995)
han propuesto que el incremento en las concentraciones oxigeno debajo de la ZMO supone
una ventaja metabolica para determinadas comunidades zooplancténicas, incrementando
su abundancia producto de la mayor disponibilidad alimento (particulas inalteradas que
Ilegan a este estrato después de atravesar la ZMO). En este estudio las mayores biomasas
en este estrato estuvieron representadas por copépodos grandes, los cuales exhibieron altos
rangos de MVD, contribuyendo de esta manera al aporte de carbono en aguas

subsuperficiales con bajo contenido de oxigeno.
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Se observd ademés que a pesar del hébitat aparentemente hostil deficiente en
oxigeno, asociado con la ZMO, la mayoria de los taxa identificados en este estudio fueron
capaces de realizar MVD en la zona de surgencia resistiendo a las condiciones de hipoxia
severa. Incluso, varios grupos de zooplancton fueron categorizados como migrantes
fuertes, exhibiendo una gran amplitud de MVD (~500 m). Un grupo migrante importante
en este estudio estuvo conformado por los copépodos eucalanidos, caracterizados por su
alta capacidad migratoria (Hidalgo et al., 2005). En este estudio estos organismos se
distribuyeron en toda la columna de agua atravesando el nicleo de la ZMO y alcanzando
el limite inferior de la ZMO ligeramente mas oxigenada, lo que supondria un importante
aporte de carbono en este estrato. Sin embargo, en términos de biomasa migrante su
contribucion fue pequefa (aproximadamente 0,4 mg C m™) en comparacion a las
estimaciones realizadas en esta region (Hidalgo et al., 2005). De hecho, la biomasa
migrante y la tasa de migracién de este grupo no fue significativa al considerar la MVD
entre los 90 m superiores e inferiores, lo que sugiere una contribucion muy pequefia o nula
al flujo activo de C. Aunque esta contribucion en términos de biomasa es pequefia, su
permanencia por debajo de la oxiclina tanto de dia como de noche proporciona evidencia
de su gran capacidad migratoria y su adaptacion a la ZMO, por lo tanto, este grupo adn
podria mejorar el flujo de carbono al alimentarse en la base de la oxiclina durante la noche

y posteriormente transportandolo bajo la ZMO durante el dia.

Otros taxa, como eufausidos, el copépodo Acartia spp., otros copépodos, tendforos,
decapodos, anélidos, briozoo, pterépodos y quetognatos también concentraron sus
poblaciones dentro del nicleo de la ZMO, lo que evidencia una importante interaccion de
estos taxa con esta zona. Antezana (2010) mostr6 que E. mucronata, un eufausido
endémico y abundante en la zona de afloramiento costero frente a Chile, es una especie
bien adaptada para migrar verticalmente hacia el ndcleo de la ZMO. De hecho, los
eufausidos estudiados aqui mostraron una gran amplitud MVD (>250 m), descendiendo al
nucleo de la ZMO por debajo de 250 m cada dia. En general, todos los taxa categorizados
como migrantes fuertes mostraron una fuerte interaccion con el nicleo de ZMO,

permaneciendo alli temporal o permanentemente durante el dia o la noche, lo que supone
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una contribucion de carbono por debajo de la termoclina, a pesar de la presencia de

condiciones hipdxicas.

5.2. Indices de migracion del zooplancton y su relacion con la estructura de tamafio y
variabilidad de la ZMO en la zona de surgencia frente a Chile

El zooplancton mostré ademé&s un patron de profundizacion progresiva con el
aumento del tamafio corporal durante el dia y la noche en ambas estaciones y en ambos
periodos de muestreo, a excepcion de los sifon6foros (comportamiento no migratorio).
Este patrén es aparentemente una consecuencia del riesgo de depredacion dependiente del
tamario (Irigoien et al., 2004), donde la ZMO parece jugar un papel clave como refugio al
menos para las poblaciones de zooplancton tolerantes a la hipoxia, evitando la depredacion
y creando asi microhabitats asociados con diferentes concentraciones de oxigeno
(Antezana, 2009; Escribano et al., 2012; Wishner et al., 2008). Por ejemplo, se ha sugerido
que los copépodos de tamafo pequefio tienden a permanecer en aguas cercanas a la
superficie tanto de dia como de noche, porque su tamafio pequefio reduce el riesgo de un
encuentro con depredadores visuales (Irigoien et al., 2004; Ohman y Romagnan, 2016).
Aqui, los copépodos mas pequefios y grandes residieron a mayores profundidades y
parecian estar menos afectados por la baja concentracion de oxigeno en el nicleo la ZMO.
Los copépodos méas pequefios, con un rango pequefio de MVD, residieron sobre y dentro
del ndcleo de la ZMO, cuando los sifondforos fueron més abundantes en los estratos
superficiales, mientras que las clases de gran tamafio en copépodos con un MVD
pronunciada ocuparon principalmente la capa hipdxica profunda asociada con el estrato
OMZ-LW. Estas clases de tamafio parecen ser mas susceptibles a los depredadores
visuales, como los eufausidos, que también exhibieron una MV D pronunciada y mostraron
maximos de abundancia en estratos profundos. Los individuos de tamafio mediano
residieron en las zonas menos profundas, con excursiones de pequefio alcance hacia aguas
hipdxicas del nucleo de la ZMO (OMZ-UP-LC). En este sentido, es importante sefialar
que la dependencia de la amplitud de la migracion con el tamafio varié ampliamente entre
los taxones, por ejemplo, la mayoria de los depredadores no mostraron una dependencia

de su amplitud de migracion con el tamafio. En otras palabras, la amplitud de la migracion

117



depende de los taxa y sus comportamientos migratorios especificos, y no solo de su

tamafo.

Aunque la ZMO no previno en gran medida la MVD, el comportamiento migratorio
del zooplancton fue altamente variable en la zona de surgencia frente a Chile dependiendo
de la distribucion vertical de la ZMO y del grupo taxonémico. Por ejemplo, los copépodos
mostraron MVD inversa solo en las estaciones costeras (St. T3 y L6), pero en particular
en la estacion frente a Iquique (St. T3) en ambos periodos de muestreo, la cual mostro una
mayor tasa de migracion (60%) y estuvo asociada con una ZMO mas intensa y poco
profunda. Este comportamiento, coincidié con las mayores abundancias de anfipodos,
larvas de decapodos y sifonoforos (potenciales depredadores) los cuales mostraron MVD
normal. Este patron de comportamiento inverso se ha explicado como un mecanismo de
evitacion de depredadores (Ohman, 1990; Ohman et al., 1983). Aqui, algunos
depredadores como los eufausidos también parecen mostrar variabilidad en el
comportamiento de la MVD dependiendo del tamafio corporal. Esta dependencia fue
evidente solo en condiciones de hipoxia severa, como ocurrid en la estacion en costera St.
T3 durante el verano, cuando los eufausidos de tamafio corporal mediano (1-2 mm)
exhibieron MVD inversa y los de gran tamafio MVD normal. Se ha reportado un
comportamiento similar para Euphausia superba la cual migra hacia arriba para
alimentarse de fitoplancton durante el dia, y hacia abajo durante la noche para alimentarse
de zooplancton (Hernandez-Leon et al., 2001). Segun Ekau et al. (2010), cambios en la
disponibilidad de presas, tamafio de la presa o riesgo de depredacion, asi como cambios
en la composicién de especies, estan asociados a la duracion e intensidad de la hipoxia.
Esto podria explicar por qué los individuos con una sola poblacion pueden realizar MVD
inversa, normal o no, aparentemente dependiendo de la fuente mas importante de
mortalidad: depredacion nocturna por alimentacion, zooplancton carnivoro migratorio
normal o caza visual de peces planctivoros (Ohman, 1990). Este tipo de comportamientos
de MVD solo se pueden evaluar y comprender mejor cuando se mira a nivel de poblacion,
aunque nuevamente se debe tener en cuenta la variacién espacial-temporal en la

abundancia de zooplancton en una zona de surgencia altamente heterogénea.
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5.3. Tasas metabdlicas y fisioldgicas del zooplancton migrante y su contribucion al flujo

de carbono exportado en la zona de surgencia frente a Chile.

El transporte activo de C obtenido desde la biomasa de los principales taxa que
realizaron MVD a traves de ecuaciones empiricas que relacionan la respiracion, el tamafio
corporal y la temperatura (101,11+ 54 mg C m?d?) (Ikeda, 2014) y el estimado a través
de las tasas metabolicas (respiracion, excrecion, flujo intestinal, egestion) y mortalidad
parcial (48,11 + 31 mg C m? d%) fueron mayores que los reportados para el Océano
Pacifico, tanto en aguas oligotroficas (Hawaii) y mesotréficas (Pacifico subartico)
(Steinberg et al., 2008), e incluso mayor que lo informado por Yebra et al. (2005) dentro
de remolinos con alta produccion bioldgica. Sin embargo, la mayoria de estas estimaciones
previas no han considerado regiones con hipoxia o anoxia severa (por ejemplo, Kiko et
al., 2016), como la region de surgencia altamente productiva de la zona costera frente al
norte de Chile, donde las concentraciones de oxigeno pueden caer por debajo de <1 uM
en el nucleo de ZMO (Paulmier y Ruiz-Pino, 2009). Ademas, solo unos pocos trabajos en
esta zona han considerado toda la comunidad de zooplancton (Tutasi y Escribano, 2020).
La alta productividad y la fuerte agregacion de zooplancton en las areas costeras de esta
region (Escribano et al., 2000; Escribano y Hidalgo, 2000) pueden promover mayores
cantidades de biomasa migrante. Sin embargo, esto requiere que la MVD no se vea
fuertemente restringida por la presencia de la ZMO y que la mayoria de los taxones
migratorios sean tolerantes al bajo nivel de oxigeno. Por otro lado, nuestras estimaciones
de flujo activo de C fueron sustancialmente mas bajas que las reportadas frente al norte de
Chile por Hidalgo et al. (2005) para Eucalanus inermis (14,1 mg C m2 d?), las cuales
incluyeron respiracion, excrecidn y egestion. Sin embargo, estos altos valores pueden estar
asociados a la variabilidad del muestro y a alta produccion primaria en la zona de surgencia
de Chile, la cual puede alcanzar maximos de 10000 mg C m* d*! (Daneri et al., 2000).
Cabe sefalar que la estimacion del transporte activo mediante el uso de ecuaciones
empiricas realizadas a traves de la biomasa no consider6 la contribucion de la egestion

(produccion de pellets fecales) al flujo de C en profundidad.
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Las diferencias de nuestras estimaciones con trabajos anteriores también se pueden
explicar por la fuerte variabilidad de la abundancia de zooplancton en la zona de surgencia.
De hecho, nuestras estimaciones de biomasas migratorias de los diferentes grupos
taxondmicos basadas en 2 dias de muestreo y dos réplicas para cada condicion (dia y
noche) en la primavera y las obtenidas durante el verano austral (2018) son altamente
variables. Por lo tanto, las comparaciones con otras regiones deben ser tratadas
cuidadosamente, considerando la fuerte variacion espacial-temporal al evaluar la
abundancia de zooplancton. En este estudio fue también evidente la fuerte variacion
espacial en la biomasa migrante al comparar las tres estaciones de muestreo en primavera
y también en la seccion zonal frente a Iquique en el verano. Por ejemplo, St. L6 tenia mas
biomasa que las otras estaciones, pero mucha menos biomasa migrante en la capa superior
y, por lo tanto, una contribucion muy baja al flujo vertical de C por MVD. En la estacion
L6, grandes copépodos, eufausidos, anélidos y quetognatos contribuyeron en gran medida
a la biomasa, aunque no mostraron una MVD significativa. Por tanto, la composicion de
las especies y su comportamiento de MVD constituyen un factor clave para determinar el

flujo de C mediado por el transporte activo.

Es importante considerar que el analisis automatizado de la comunidad de
zooplancton puede no tener en cuenta las diferencias en la composicion de especies entre
estaciones o estratos y, por lo tanto, el cambio de taxon dentro de los grupos asignados
entre estaciones, como migrantes fuertes o0 no migrantes, puede obedecer a composiciones
de especies variables. Aunque no se puede descartar la posibilidad de que las mismas
poblaciones cambien su eficiencia de MVD dependiendo de las condiciones ambientales
cambiantes, en particular en lo que respecta a la distribucion vertical de oxigeno. Estos
efectos pueden explicar la variacion observada en la biomasa migrante entre estaciones,
pero también entre estratos. De hecho, observamos fuertes diferencias en las estimaciones
de la biomasa migrante al comparar el estrato superior de 0-90 my el estrato mas profundo
de 90-600 m.

Los flujos metabolicos presentaron una alta variabilidad (Tabla 4), por ejemplo, el

flujo de pigmento intestinal calculado aqui (2,76 mg C m2 d) se encontrd por encima de
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los valores reportados por Schnetzer y Steinberg (2002) (0.8 mg C m2 dt) en otras areas
del Pacifico, asi como los registrados en las Islas Canarias por Yebra et al., (2005),
Hernandez de Leon et al (2001) y Putzeys et al. (2011) (~0.5 mg C m d™%). Sin embargo,
es importante considerar que estos valores estan asociado a una zona de surgencia con un
alto nivel de produccién primaria (~10000 mg C m? d*, el valor maximo estimado)
(Daneri et al., 2000), lo que podria generar una mayor contribucién. La fluorescencia
intestinal se concentré sobre los 150 m durante el dia, mientras que por la noche los
pigmentos intestinales fueron consistentemente mas bajos en este estrato. Por el contrario,
la respiracion, medida como la actividad especifica ETS fue alta durante la noche en este
estrato en ambas estaciones de muestreo, asociado al ascenso del zooplancton migrante.
Estos resultados coinciden con lo reportado por (Yebra et al., 2018), y han sido asociados
a una dieta predominante carnivora del zooplancton migrante sobre el epiplancton. Sin
embargo, como en estudios previos realizados en otras areas del Pacifico y Atlantico, aqui
solo se evalud el flujo intestinal debido a la ingestién de pigmentos. Dado que el método
de fluorescencia intestinal subestima la cantidad de alimento ingerido, los flujos
intestinales obtenidos deben tomarse como referencia del flujo total de carbono ingerido.
La respiracion especifica, mostré ademas un maximo secundario por debajo del nucleo
superior de la ZMO, lo que indicaria que los organismos mantuvieron sus tasas
metabolicas aun en aguas profundas con bajas concentraciones de oxigeno como lo
reportado por Herrera et al. (2019). El flujo respiratorio fue mayor en St. T3 (55 mg C m-
2 d1) que en St. T5 (22 mg C m2 d) coincidiendo con los mayores valores de biomasa
migrante en esa estacion. La respiracion como la ingestion representaron un 26% y 2%
respectivamente en relacion al flujo de C pasivo reportado por Gonzalez et al. (1998). Los
valores del flujo activo total calculado a traves de las aproximaciones experimentales
realizados en el verano de 2018 incrementd 2.05+ 0.92 mg C m2 d al incorporar el flujo
por egestion (Tabla 4), el cual representd un 1.4% en relacion al flujo de C pasivo

reportado por Gonzalez et al. (1998).

Los resultados de mortalidad parcial (excluyendo la depredacién), obtenidos

mediante el método de tincion ajustada de rojo neutro, en los diferentes estratos,
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evidenciaron un marcado incremento con la profundidad, en particular en el nucleo de la
ZMO (OMZ-LC). La fraccién de mortalidad diaria (~0.02) obtenida en este estudio fue
cercana a la reportada por Edvardsen et al. (2002) (0.03 y 0.05). El flujo de C por
mortalidad para la seccion zonal frente Iquique fue 1.11 + 5.3 mg C m? d* lo que
representa un 2% en relacion al flujo de C pasivo reportado por Gonzalez et al. (1998) con

base en trampas de sedimentos.

La contribucion total del flujo activo de carbono del zooplancton migrante obtenido
tanto desde las estimaciones de biomasa basadas en ecuaciones empiricas (101.11 + 54
mg C m2d), asi como las obtenidas desde los indices metabdlicos (48.11 + 31 mg C m"
2 d1) representaron entre el 60 y 30% respectivamente de las estimaciones de hundimiento
pasivo de C (Tabla 4), obtenidas frente al norte de Chile a 60 m de profundidad frente a
Antofagasta (23 ° S) por Gonzalez et al. (1998) basadas en trampas de sedimentos (125 a
176 mg C m2d?).

Con respecto a la contribucion del transporte de C activo mediado por MVD en la
eficiencia de la bomba bioldgica de carbono, basado en las estimaciones satélites de la
produccion primaria neta (http: //science.oregonstate.edu.ocean.productivity) para el area
costera (St. T3y L6) y la oceanica (Estacion T5), promediada para los meses de noviembre
y diciembre de 2015 y febrero de 2018 respectivamente (Tabla 4), se estim0 una
contribucion entre 4% (aproximaciones empiricas) y 2% (aproximaciones experimentales)
de la exportacién de Carbono resultante de la produccion primaria neta en la region de
surgencia, estimada en el rango de 1500-3500 mg C m d. Si consideramos que esto
explica solo el aporte realizado por el mesozooplancton en una zona caracterizada por una
ZMO intensa y permanente, entonces el zooplancton podria transportar hacia el océano
profundo una fraccion importante del C recién producido. Por lo tanto, el flujo de C
mediado por MVD debe ser considerado en los anélisis de presupuesto de C en la zona de

surgencia.
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Tabla 4. Flujos activos (mg C m ~2 d ~ ') obtenidos incubando organismos de zooplancton y aproximaciones empiricas utilizando las
ecuaciones de Ikeda (1985) e Ikeda (2014) en dos estaciones (St. T5y St. T3) en la region de surgencia costera al norte de Chile durante
el verano austral de 2018. La produccion primaria representa estimaciones basadas en satélites de la media mensual (febrero de 2018)
en las dos estaciones de muestreo. El flujo de C pasivo es un valor medio estimado a partir de trampas de sedimentos por Gonzélez et
al. (2000) frente a Antofagasta (norte de Chile, 23 ° S) para enero de 1997. Para las aproximaciones experimentales se incluyé la
contribucion por egestion de pellets fecales.

Aproximaciones Experimentales Aproximaciones Empiricas
ST.T5 ST.T3 Mean + SD ST.T5 ST.T3 Mean + SD
Produccion Primaria | 1159.0 3298.4 28333 + 11 1159 3298.4 2833 + 115
55 3 5
F. Pasivo de carbono 151.0 + 36 151. £+ 36
0
Biomasa Total (0- | 297.9 838.6 568.2 + 38 397.7 1864.5 1131 + 103
800) 2 1 7
Biomasa migrante | 111.3 533.4 3223 = 29 59 429.0 243. + 262
8 8
F. Respiratorio | 21.9 55.1 385 + 23 19.1 57.8 384 + 27
F. de Excrecion 2.6 6.6 46 + 3 5.7 17.3 115 + 8
Mortalidad Parcial 1.1 5.3 32 =3 7.9 37.3 226 * 21
F intestinal - 2.8 28 £
Ingestion Potencial 0.5 0.3 04 = 0.1
6
Egestion 2.7 1.4 21 += 09
2
F. Activo Total | 28.87 714 50.2 + 30 33.0 112.0 725 + 56
% C exportado (PPN) 2.5 2.2 23 + 0.2 2.8 3.4 31 + 04
% COP (PPN) - - 53 + - - 53 +
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6. CONCLUSIONES

Los resultados obtenidos y la discusion expuesta proveen evidencia de que el transporte
de C no solo depende del tamafio y taxa, sino ademas de los comportamientos migratorios
especificos determinados por la variabilidad espacio temporal del ZMO, por lo tanto, estos

resultados apoyan ambas hipotesis.

La variabilidad espacial y temporal en la extension vertical e intensidad de la ZMO en la
zona de surgencia frente al norte de Chile es un factor clave que puede imponer una importante
restriccion para la MVD del zooplancton, actividad metabdlica, asi también como modificar las
interacciones predador-presa en la columna de agua al modular el comportamiento de la MVD

y, por lo tanto, influir en la exportacion de C mediada por el zooplancton de la siguiente manera:

La distribucion vertical del zooplancton estuvo condicionada por la ZMO, de manera que
la mayor biomasa se concentrd por encima de la oxiclina, asociada con aguas superficiales mas
oxigenadas. Esto fue evidente en las estaciones mas costeras y durante el verano austral, donde
la ZMO fue més intensa y poco profunda. Sin embargo, algunos grupos taxonémicos, estuvieron
estrechamente asociados con la ZMO y mostraron importantes MVD en la zona de surgencia a

pesar de la hipoxia severa.

La amplitud de la migracion depende de los taxa y sus comportamientos migratorios
especificos, y no solo de su tamafio. En copépodos, la amplitud del MVD aumenté con el tamafio
corporal, pero disminuy6 fuertemente en aguas con hipoxia severa. Esto enfatiza la importancia
de la variacion de ZMO para la comunidad que habita la zona de surgencia. Por el contrario, l0s
depredadores como los eufausidos y quetognatos, parecen no ser afectados por la ZMO
exhibiendo una gran amplitud de migracion (~ 500 m) en casi todas sus clases de tamafio. Esta
permanencia temporal o permanente dentro del nicleo de la ZMO puede contribuir a la
liberacion de C por debajo de la oxiclina (y termoclina).

La distribucion vertical de las diferentes clases de tamafio y el comportamiento de
migracion vertical diaria de presas y predadores hacia el nucleo de la ZMO durante periodos

prolongados (tanto de dia como de noche) proporcionan evidencia del papel ecologico que la
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ZMO puede desempefiar para el comportamiento de MVD como un mecanismo para reducir el
riesgo de depredacion. Los copépodos mostraron una marcada profundizacion, ampliando su
permanencia dentro de la ZMO cuando los depredadores tales como los sifondforos fueron

abundantes en las capas oxigenadas superiores.

Existe un patron de profundizacion progresiva con el aumento del tamafio corporal tanto
de dia como de noche en todas las estaciones de muestreo tanto en primavera como en verano,
excepto para los sifono6foros (comportamiento no migratorio). Este patron puede interpretarse

como una respuesta al riesgo de depredacién dependiente del tamafio.

Las estimaciones del flujo de C mediado por MVD, basadas en aproximaciones empiricas
y experimentales durante la primavera y verano austral sugirieron que una biomasa migrante
promedio de 400 mg C m™ puede contribuir a través de los flujos respiracion, ingestion,
excrecion, egestion y mortalidad en profundidad, entre el 4% al 2 % de la produccion primaria
neta, lo cual representa el 33% del flujo pasivo de carbono. Esta contribucién implica la
existencia de un mecanismo significativo para incorporar C recién producido a la ZMO via
MVD. Sin embargo, este flujo descendente de C mediado por el zooplancton MVD depende en
gran medida de la estructura taxonémica, la cual determina la amplitud de migracion y el

comportamiento de MVD.

Finalmente, el estudio provee evidencia que permiten apoyar las hipotesis planteadas,
sugiriendo que ambos factores, estructura comunitaria (taxondmica y tamafio) y distribucion de
la ZMO juegan un rol significativo en modular las migraciones diurnas-nocturnas del
zooplancton y asi influyendo en el transporte activo de C hacia aguas bajo en la termoclina en

la region norte del sistema de surgencia del Pacifico sur oriental.
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