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Resumen

Mortalidad y degradacion bacteriana de copépodos pelagicos asociadas a las Zonas de
Minimo de Oxigeno (ZMOs)

Sonia Elizabeth Yafiez Tenorio
Doctorado en Oceanografia
Universidad de Concepcidn, 2018

Dra. Pamela Hidalgo D., Profesor Guia

La mortalidad es tal vez el parametro menos conocido en la dindmica poblacional de
copépodos. Las investigaciones tradicionales por mucho tiempo han asumido que la mortalidad
es causada por la depredacidn, que regula los cambios en la abundancia de sus poblaciones. Las
consecuencias de estas practicas es que simplemente se ignore el estado vital de los animales in
situ. Pero es simplemente ildgico creer que todos los copépodos in situ estan vivos. Los
copépodos y otros miembros del zooplancton estan sometidos a mortalidad no-depredatoria,
observada como la presencia de carcasas en el ambiente. Un meta-analisis realizado en base a
datos de literatura indica que al menos un tercio de la mortalidad de copépodos in situ no puede
de ninguna manera ser explicada por depredacion. Por lo tanto, ignorar la presencia de estas
carcasas también podria provocar errores en otros parametros poblacionales porque los
copépodos muertos obviamente no mudan, crecen o se reproducen. Tanto asi, que un modelo de
estudio demostréd que ignorar, aunque sea en pequefias magnitudes las abundancias de las
carcasas y la mortalidad no-depredatoria podria llevar a proyecciones poco realistas del
crecimiento poblacional. Recientes avances en métodos de tincion para distinguir entre
individuos vivos y muertos en muestras de campo, junto los ajustes realizados para condiciones
locales realizados en este estudio han abierto la oportunidad de realizar una cuantificacion
detallada de la abundancia de carcasas de copépodos en Sistema de Corrientes de Humboldt
(SCH). Asi, un alto porcentaje de mortalidad de copépodos asociados a las Zonas de Minimo de
Oxigeno (ZMOs) presentes en el SCH, aumenta la abundancia de carcasas de copépodos, que
representan un substrato concentrado de materia organica (MO) para hotspots bacterianos. La
descomposicion por bacterias de la MO en las carcasas de copépodos marinos podria sustentar
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una alta produccion bacteriana a partir de procesos anaerdbicos en la ZMO, que no ocurren en
la capa superficial oxigenada de la columna de agua. Esto, puede darnos indicios de una via
alternativa del flujo de MO y energia en la cadena tréfica clasica en la ZMO, mostrando una
relacion directa entre copépodos y bacterias considerados hasta ahora como independientes. El
presente estudio abordé desde la perspectiva experimental, la problemética asociada a las
estimaciones de degradacion y comunidad bacteriana de carcasas del copépodo Acartia tonsa y
desde la perspectiva in situ, los potenciales efectos de las bajas concentraciones de oxigeno en
la ZMO sobre las tasas de mortalidad de copépodos peldgicos dominantes en el SCH. Los
resultados observados son 1) Usando datos de abundancia de copepoditos vivos y muertos,
junto con la duracion de estadios y las tasas de muda, obtuvimos tasas de mortalidad
depredatoria y no-depredatoria de las tres especies principales de copépodos marinos dentro del
Sistema de Corriente de Humboldt (HCS) de Chile: Paracalanus cf. indicus, Acartia tonsa, y
Calanus chilensis, y examinamos por primera vez su relacion con factores ambientales. Las
tasas de mortalidad total aumentaron con los estadios de desarrollo en las tres especies. Las
tasas de mortalidad total de C5 fueron 3-4 veces mas altas que las de C1. En promedio, la
depredacion representd 53,7 de la mortalidad total en P. cf. indicus, 56,4% en A. tonsa y hasta
un 65,2% en C. chilensis. Mientras tanto, la mortalidad no depredadora representa entre 34.8 al
46.3% de la mortalidad total, y esto refleja la importancia del estrés ambiental sobre el control
de la dindmica poblacional de copépodos en el HCS; 2) Mediante el uso de experimentos de
laboratorio, nosotros seguimos el curso de la degradacion de carcasas del copépodo marino A.
tonsa. Ambos tratamientos presentaron curvas de degradacion diferentes, pero alcanzando
méaximos similares a las 36 hrs de incubacion. Distintas comunidades bacterianas fueron
observadas entre los diferentes tratamientos de los experimentos de degradacion. Mediante el
uso la secuenciacion masiva del gen 16S se logr6 una identificacion detallada de los miembros
de la comunidad bacteriana asociada a la degradacion de carcasas del copépodo marino A.tonsa.
Los andlisis filogenéticos permiten concluir que las carcasas de A.tonsa estan asociados con tres
phyla mayoritarios: Proteobacteria, Bacteroidetes y Verrucomicrobia. Vibrionaceae,
Pseudoalteromonadaceae, Rhodobacteraceae, Flavobacteriaceae and Verrucomicrobiaceae
fueron las familias de bacterias mas abundantes. La presencia de los genes nirK y nosZ,
marcadores de desnitrificacion (produccion N2 y N2O, respectivamente) fueron encontrados
bajo condiciones andxicas, principalmente asociados con el estadio final de degradacion de las
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carcasas de A.tonsa. Entonces, la investigacién de bacterias asociadas a carcasas de copépodos
es necesaria para entender la funcionalidad de estas carcasas y su degradacion bacteriana como
hotspots pelagicos que tienen implicancias biogeoquimicas en el ciclo del nitrégeno, a través de
la desnitrificacion; y 3) En otros estudios de laboratorio se evidencié que, la produccién de
amonio (NH4") a partir de la degradacién bacteriana de carcasas de A. tonsa fue observada en
todos los tratamientos en donde el oxigeno estaba muy bajo y estaria siendo provocada por la
mineralizacion del nitrégeno organico; la cual, podria potencialmente contribuir a la reduccion
disimilatoria del nitrato al amonio (DNRA, del ingles Dissimilatory nitrate reduction to
ammonium). Ademas, aquellas carcasas de copépodos que sedimentan podrian pasivamente
transportar nitrogeno orgéanico hacia aguas profundas, donde al ser degradadas, este se podria
liberar parcialmente como NH4* y alli las bacterias de vida libre podrian utilizar ese NH4* y
oxidarlo a N2. Por lo tanto, estas carcasas estarian contribuyendo, indirectamente, a procesos de
pérdida de N, a través de la oxidacion anaerdbica del amonio (anammox, del inglés ANaerobic
AMMonium OXidation).

Asi, la pérdida de N en el pélagos se ve potencialmente incrementada por las carcasas de
copépodos tanto directamente a través de la producciéon de N2 y N2O, como indirectamente a
través de la produccion de NH4* que podria contribuir a anammox. Entonces, dado que los
copépodos son algunos de los organismos del mesozooplancton mas abundantes en el océano,
por lo que el ciclo anaerdbico del nitrégeno asociado con estos individuos podria tener grandes
implicancias sobre los ciclos biogeoquimicos del océano, y la pérdida de nitr6geno organico

desde los ecosistemas pelagicos.

Palabras claves: Mortalidad no-depredatoria, carcasas de copépodos, degradacion de

carcasas, comunidad bacteriana, remineralizacion, ciclos biogeoquimicos.
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Abstract
Mortality and bacterial decomposition of pelagic copepods associated to Oxygen Minimum
Zone (OMZs)

Sonia Yafez Tenorio

Ph. D in Oceanography
University of Concepcion, 2018
Dra. Pamela Hidalgo D., Advisor

Mortality is perhaps at least constrained in copepod population dynamics. Traditional
research for convenience assumes that mortality is driven solely by predation and therefore can
be derived from changes in population abundances. A corollary to this practice is that field
sampling simply ignores the live/dead status of the animals. It is, however, illogical to believe
all copepods in situ are alive. Copepods and other zooplankton can suffer non-predation
mortality that leaves behind carcasses. A meta-analysis of literature data suggests that up to
one-third of in situ copepod mortality cannot be explained by predation. Ignorance of carcasses
occurrence also causes errors to other population parameters because dead copepods obviously
do not molt, grow or reproduce. A modelling study showed that ignoring even a small
magnitude of carcasses abundance and non-predation mortality could lead to unrealistic
projection of population growth. Recent advances in staining methods for distinguishing
between live and dead individuals in field samples opened the opportunities to make detailed
quantification of copepod carcasses in the Humbolt Current System (HCS). A high percentage
of zooplankton mortality associated to Oxygen Minimum Zone (OMZ) present in the HCS,
could increase the abundance of copepods carcasses, representing a concentrated pool of labile
organic substrates for bacterial hotspots. Deceased copepods tend to sink because of higher
density than surrounding water, but sinking is modulated by bacterial decomposition. Bacterial
decomposition remineralizes carcasses’ organic materials and could support high bacterial
production from anaerobic processes into the OMZ, which do not occur in the oxygenated water

of surface layers. This can serve as a hint for evaluating alternative pathways of material and
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energy fluxes in the classic food web into the OMZ, presenting copepods and bacteria as
directly connected functional groups. The present research, from an experimental perspective,
dealt with copepod and bacterial composition of the calanoid copepod Acartia tonsa under oxic
and anoxic conditions. From the in situ perspective, the non-predatory mortality of dominant
pelagic copepods associated with the OMZ were studied in northern Chile within the HCS. The
results found were the following: (1) Using detailed data of live/dead compositions, along with
stage durations and molting rates, we derived both predatory and non-predatory mortality rates
of the three main copepod species, Paracalanus cf. indicus, Acartia tonsa and Calanus
chilensis, within the Chilean Humboldt Current System (HCS), and examined their relations
with the environmental factors for the first time. Total mortality rates, calculated as the sum of
average predatory and non-predatory mortality rates over the two annual cycles, increased with
developmental stages in all three species. The total mortality rates of C5 were 3-4 times higher
than those of C1. On average, predation accounted for 53.7 of the total mortality in P. cf.
indicus, 56.4% in A. tonsa, and up to 65.2% in C. chilensis. Meantime, non-predatory mortality
accounts for 34.8 to 46.3 % of the total mortality, and this reflects the importance of
environmental stresses in controlling the copepod population dynamics within the HCS; (2)
From laboratory experiments, we followed the course of decomposition of the carcass of the
marine copepod A. tonsa. In oxic conditions, decomposition begun rapidly, later it remained
relatively stable, and slowly increased towards the last hours of the incubations. In contrast, the
decomposition process was much slower in the anoxic conditions, increasing greatly and
quickly over the last hours of the incubations. Different bacterial communities among different
treatments of decomposition experiments were found, whereas changes and succession were
observed throughout both incubations. Using Illumina sequencing of the 16S rRNA gene we
identified members of the bacterial community associated with carcass decomposition of A.
tonsa. From the phylogenetic analysis, it could be concluded that the investigated copepod was
associated with bacteria of three phyla: Proteobacteria, Bacteroidetes and Verrucomicrobia.
Vibrionaceae,  Pseudoalteromonadaceae, = Rhodobacteraceae,  Flabobacteriaceae  and
Verrucomicrobiaceae were the most abundant bacterial family. Expression of nirK and nosZ
marker genes for denitrification (N2 and N2O production, respectively) were found to occur
under anoxic conditions and showed an increase with time, mainly associated with the late stage

of decomposition. Then, the investigation of bacteria associated to decomposition of copepod
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carcasses is very important, due to the functioning of those carcasses as pelagic hotspots for
bacterial decomposition may have implications in nitrogen cycling via denitrification; and (3)
Another laboratory study showed that the production of NH4" from decomposition of carcasses
was observed in all treatments under low oxygen saturation levels and came from
mineralization processes; thus, DNRA may contribute. Moreover, the production of NHs"
further suggests that sinking of copepods’ carcasses passively transports bound nitrogen to
depths where it could be partially released as ammonium and may fuel free-living anammox
bacteria and thus contribute to pelagic N-loss by anammox.

Then, pelagic N-loss is potentially enhanced by carcasses of chitinous zooplankton directly
through N2 and N2O production, as well as indirectly through NHs" production that may
contribute to anammox. As copepods are some of the most abundant mesozooplankton in the
oceans, anaerobic nitrogen cycling associated with these animals may have large implications
for biogeochemical cycling in the oceans, and the fixed-nitrogen loss from marine pelagic

environments.

Keywords: Non-predatory mortality, copepod carcasses, carcasses decomposition, bacterial

community, remineralization, biogeochemical cycles
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1. INTRODUCCION

1.1. Sistema de Corrientes de Humboldt y Zonas de Minimo de Oxigeno

El Sistema de Corriente de Humboldt (SCH) se caracteriza por ser uno de los
ecosistemas marinos mas productivos del mundo, en donde el estrés inducido por el viento
paralelo a la costa y con direccion hacia el Ecuador desplaza las aguas superficiales costa
afuera, dando lugar al ascenso de aguas subsuperficiales més frias, ricas en nutrientes y pobres
en oxigeno disuelto hacia la zona eufética, sosteniendo elevados niveles de produccion

bioldgica en la capa superficial (Mann & Lazier 1991).

Debido a la surgencia, la alta productividad primaria en aguas superficiales y un alta
demanda de oxigeno por la respiracion aerdbica microbiana, el SCH presenta una Zona de
Minimo Oxigeno (ZMO) muy extensa y somera (Ulloa et al., 2013), asociada a la masa de
Agua Ecuatorial Subsuperficial (AESS) (Escribano & Schneider, 2007). Las concentraciones
de oxigeno disuelto observadas son < 22 uM (0,5 mL L?) (Fig. 1.1).

El ambiente reductor de las ZMOs favorece el reciclamiento de nutrientes como
fosfatos y silicatos, la biodisponibilidad de metales traza (e.g. Fe*?) y la acumulacion de
carbono inorganico disuelto (CID >2225 pmol kg?), constituyendo grandes reservorios de
CO2 (Paulmier et al., 2011). Las ZMOs se encuentran enriquecidas en nitrito (NO2) y
empobrecidas en nitrato (NOs), siendo responsables del 50% del déficit relativo de nitrégeno
inorganico, debido a que este elemento es perdido como nitrégeno molecular (N2) y 6xido
nitroso (N20) a través de procesos como la desnitrificacion y la oxidacion anaerdbica del
amonio (ANAMMOX, del inglés ANaerobic AMMonium OXidation) (Ulloa & Pantoja, 2009;
DeVries et al., 2013). De esta forma, las ZMOs cumplen un rol fundamental en los ciclos
biogeoquimicos y en el reciclamiento de la materia organica (MO) (Paulmier & Ruiz-Pino
2009; Ulloa et al., 2012; Gilly et al., 2013).

La ZMO en el Pacifico Suroriental (PSO) se basa parcialmente de aguas viejas de bajo
contenido de oxigeno que provienen de profundidades intermedias del Pacifico, que agotan su
oxigeno fuera de las costas de Mexico y Peru, y son advectadas dentro de la region a lo largo

de la costa del Pacifico oriental (Schneider et al., 2006).

Las ZMOs ademas han sido descritas como areas de baja biodiversidad de macrofauna
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e inhospitas para la mayoria de los recursos marinos comerciales (Ulloa & Pantoja, 2009).
Contrario a esto, se observa que una alta diversidad de comunidades microbianas estd asociada
positivamente con ZMOs en la columna de agua (Stevens & Ulloa, 2008). Por lo que, las
ZMOs tienen un papel clave en la estructuracion de las comunidades marinas (Stewart et al.,

2012), tales como, las zoooplanctonicas y bacterianas del sistema pelagico.

Latitud

0 30°E 60° 90° 120° 150° 180° 150° 120° 90° 60° 30'W 0
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[ T . S TS
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6 7 8
Oxigeno disuelto (mL L)

Figura 1.1.- Distribucién del oxigeno disuelto (mL L™) a 200 m de profundidad. zonas de
minimo oxigeno (color azul) asociadas a los sistemas de surgencia de las corrientes de
Canarias, Benguela, California y Humboldt. Datos obtenidos en IRI/LDEO Climate Data
Library, Columbia University (http://iridl.Ideo.columbia.edu/). Datos originales desde World
Ocean Atlas 2005 (Garcia et al. 2006), figura modificada desde Riemann et al 2010.

Las ZMOs constituyen verdaderos laboratorios naturales para el estudio de las
variaciones del ecosistema pelagico ante probleméticas ambientales asociadas al cambio
climético global, tales como la desoxigenacién del océano (Paulmier et al. 2011). La
variabilidad del sistema pelagico suele ser estudiada mediante respuestas fisioldgicas del
plancton, debido a que son considerados buenos bioindicadores de cambios en las condiciones
oceanograficas, principalmente debido a sus cortos ciclos de vida y rapidas respuestas a
cambios ambientales (Hays et al. 2005).

En la bahia de Mejillones (23°S) en el norte de Chile, el borde superior de la ZMO se
ha definido con una concentracion de oxigeno disuelto de 1 mL L, siendo observado muy
2



somero en periodos de surgencia activa, inclusive por sobre los 20 m de profundidad (Hidalgo
et al., 2005b). Particularmente, esta bahia, pertenece al sistema de surgencia de Punta
Angamos, descrito como el centro de surgencia mas productivo de la zona norte de Chile
(Escribano, 1998; Escribano & Hidalgo, 2000; Sobarzo & Figueroa, 2001), con valores de
productividad primaria que alcanzan los 1,070 g C m2afio™ (Marin et al., 2003), albergando a
su vez una alta abundancia y diversidad zooplanctonica (Escribano & Hidalgo, 2000; Hidalgo
& Escribano, 2001).

1.2.  Ecologia del zooplancton en el SCH

Los copépodos son organismos de la subclase Copepoda y son, tipicamente, uno de los
componentes zooplanctonicos mas abundantes en los océanos del mundo (Omori & Ikeda,
1984). Constituyen el taxon mas importante entre los metazoos pelagicos marinos (Bottger-
Schnack, 1995) siendo aproximadamente el 80% de la composicion y abundancia del SCH
(Escribano & Hidalgo 2000; Hidalgo & Escribano 2001; Escribano et al., 2007; Hidalgo et al.,
2010), por lo que han sido ampliamente utilizados como grupo modelo para el estudio de
estimaciones de produccion zooplanctonica, principalmente a través de tasas vitales (e.g. tasas
de crecimiento), para una mejor comprension de la ecologia de poblaciones y los factores que
controlan la produccion secundaria en el océano (Huntley & Lépez, 1992; Hirst & Lampitt,
1998; Runge & Roff, 2000). Los copépodos utilizados en este estudio son las especies: Acartia

tonsa, Paracalanus cf. indicus y Calanus chilensis (ver Fig. 1.2).

Figura 1.2: Fotografias de copépodos utilizados en este estudio. A) Acartia tonsa. Créditos
para Minh Vu desde http://www.impag.ruc.dk/Pictures/. Acceso 26.04.2018. B) Paracalanus

cf. indicus. Créditos para Moira Galbraith desde http://www.marinespecies.org/photogallery. y

C) Calanus chilensis. Créditos para Paula Ruz.


http://www.marinespecies.org/photogallery.php?album=723&pic=38267

A.tonsa y P. cf. indicus son copépodos calanoideos de pequefio tamarfio, su prosoma
mide < 1.2 mm, y poseen distribucion cosmopolita (Hidalgo & Escribano, 2001; Escribano et
al., 2007, 2014), mientras que C.chilensis es de mayor tamafio, > 2 mm (Escribano et al., 2016)
y corresponde a una especie endemica del norte de Chile (Escribano & Rodriguez, 1994, 1995;
Escribano, 1998). Estas especies tienen un complejo ciclo de vida, con 13 estadios de desarrollo
(Fig. 1.3). El primero es el huevo (estadio embrionario), que eclosiona en seis estadios
naupliares (N1 — N6) y se desarrollan en seis estadios copepoditos (ClI — CVI). El estadio final
de copepodito (CVI), corresponde al estado adulto con dimorfismo sexual (separado entre
machos y hembras) (Trujillo-Ortiz, 1986; Peterson, 1998; Hidalgo et al., 2012). El proceso de
desarrollo de un estadio al subsiguiente es llamado “muda” y ocurre en todos los estadios de

desarrollo, excepto en el final, el adulto.

Figura 1.3. Ciclo de vida de un copépodo (Fuente: http://www.st.nmfs.noaa.gov/copepod,
ultimo acceso 25 de abril de 2018).

La alta variabilidad espacio — temporal del ambiente pelagico regula los patrones de
distribucion y las tasas de produccion de estas especies de copépodos en el SCH. Las
estimaciones de produccion secundaria en la Bahia de Mejillones muestran un complejo ciclo

de vida y diferenciado para cada especie.


http://www.st.nmfs.noaa.gov/copepod

El crecimiento de estos organismos ha sido descrito como dependiente tanto de la
temperatura (Bélehradek, 1957; Fernandez-Alamo & Férber-Lorda, 2006), como de la calidad
y cantidad de alimento disponible (Hirst & Lampitt, 1998). Se ha demostrado que floraciones
algales con baja calidad nutritiva u organismos toxicos son capaces de reducir el crecimiento y
la fecundidad en copépodos (Turner & Tester, 1997; lanora et al., 1999; Poulet et al., 2007).
Asimismo, procesos advectivos (Escribano, 1998), la intensidad de la surgencia (Escribano et
al., 2012) y bajas concentraciones de oxigeno disuelto en la columna de agua pueden actuar
como reguladores de la distribucion, abundancia, produccion (Roman et al., 1993; Stalder &
Marcus, 1997; Manriquez et al., 2009; Hidalgo et al., 2010) y mortalidad zooplancténica
(Yafez et al., 2012; e.g. revisar capitulo siguiente).

1.3. Tasas de mortalidad no-depredatoria en copépodos planctdnicos

La mortalidad sigue siendo el parametro menos conocido y pobremente cuantificado
de la dindmica poblacional del zooplancton (Ohman & Wood, 1995), dado que existe una
incertidumbre en las estimaciones de las tasas de mortalidad debido a las inherentes
dificultades para estimarlas in situ, tales como la distincion entre organismos vivos y muertos.
Las investigaciones tradicionales por mucho tiempo han asumido que la mortalidad es causada
por la depredacion (Genin et al. 1995), y que es esta quién regula los cambios en la
abundancia de sus poblaciones. Las consecuencias de estas practicas es que simplemente se
ignore el estado vital de las animales in situ. Pero es simplemente ildgico creer que todos los
copépodos in situ estan vivos. Los copépodos y otros miembros del zooplancton estan
sometidos a mortalidad no-depredatoria, observada como la presencia de carcasas en el
ambiente (Tang et al., 2014).

Hoy en dia, las carcasas, que son los copépodos muertos en la columna de agua, han
sido observadas alrededor del mundo (Tang et al., 2009; Yafiez et al., 2012, 2018; Martinez et
al., 2014) debido al desarrollo de un método de tincién que esta ahora disponible para
distinguir entre organismos vivos y muertos en sistemas de aguas dulces, estuarios (Elliott &
Tang, 2009; Tang et al., 2009; Martinez et al., 2014) y marinos (Elliott et al., 2013; Yafiez et
al., 2012, 2018; Martinez et al., 2014). Usando este método, se ha observado que en promedio

el porcentaje de copépodos muertos puede llegar a ser superior al 50% del total de la
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abundancia (Elliott & Tang, 2009; Tang et al., 2009; Yarfiez et al., 2012, 2018; Tang et al.,
2014; Martinez et al., 2014).

La cuantificacion de la abundancia de estas carcasas intactas, son estimaciones
potencialmente utilizables para evaluar in situ la mortalidad no-depredatoria en el ambiente
pelagico (Elliott & Tang, 2011). Las causas comunes de la mortalidad no-depredatoria de
copépodos incluyen senescencia (Ceballos and Kigrboe 2011; Saiz et al., 2015), estrés fisico
y quimico (Carpenter et al. 1974; Roman et al., 1993; Bickel et al., 2011), parasitismo
(Kimmerer and McKinnon 1990; Burns 1985; Ohtsuka et al., 2004; Duffy et al., 2005) y/o
factores relacionados con el alimento (Tsuda 1994; Tang et al., 2014).

Un meta-analisis realizado en base a datos de literatura indica que al menos un tercio
de la mortalidad de copépodos in situ no puede de ninguna manera ser explicada por
depredacion (Hirst and Kigrboe 2002). Por lo tanto, ignorar la presencia de estas carcasas
también podria provocar errores en otros parametros poblacionales porque los copépodos
muertos obviamente no mudan, crecen o se reproducen. Tanto asi, que un modelo de estudio
demostré que ignorar, aungue sea en pequefias magnitudes las abundancias de las carcasas y la
mortalidad no-depredatoria podria llevar a proyecciones poco realistas del crecimiento
poblacional (Elliott and Tang, 2011). Asi, las variaciones en las tasas de mortalidad del
zooplancton pueden afectar drasticamente los resultados de los modelos de dindmica
poblacional y de nutrientes-fitoplancton-zooplancton (Steele & Henderson, 1992; Proude et
al., 2009a; Elliott & Tang, 2011), por lo que es, a menudo, necesario un ajuste a posteriori de
las tasas de mortalidad junto a modelos predictores observacionales (Runge et al., 2004).

La formulacion de este parametro de mortalidad in situ en modelos poblacionales e
individuales permite predecir las respuestas de la poblacion ante los cambios ambientales
(Ohman, 2012; Martinez et al., 2014). Es por ello por lo que, es un gran desafio para los
ecologos planctdnicos estimar las tasas de mortalidad estadio-especifico y sus causas para
comprender la dinamica poblacional de copépodos (Tang et al., 2014) y su rol en el
ecosistema del SCH (Yariez et al., 2012).

1.4. Bacterias asociadas a las carcasas de copépodos
Las bacterias y los copépodos coexisten en el sistema peldgico, sin embargo, las
investigaciones de ecologia convencional los ven como dos grupos funcionales, leve e

indirectamente relacionados (e.j Azam & Malfatti, 2007). Sin embargo, estudios recientes han
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mostrado que su ocurrencia y funcion ecoldgica puede estar estrechamente relacionada (ej.
Maller et al., 2007; Tang et al., 2009). Esta relacion se observa en una fraccién no menor de
copepodos (11,6 — 59,8 %) que maduran fisiologicamente, envejecen, completan su ciclo de
vida y finalmente mueren (esto es, mortalidad no-depredatoria). Estos organismos muertos,
corresponden a las carcasas que se mezclan con el pool del detrito orgénico y particulado,
quedando disponibles (como substratos organicos labiles) para la utilizacién heterotréfica
bacteriana en el ambiente pelagico (Tang et al., 2006; Bickel & Tang, 2010; Tang et al., 2014)
(Fig. 4).
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Figura 1.4. Relacion entre las carcasas de copépodos y las bacterias en el ecosistema pelagico
(Modificado desde Tang et al., 2014).

La abundancia bacteriana asociada con estas carcasas de copépodos puede ser incluso
ordenes de magnitud mayores que en el ambiente acuatico, indicando una colonizacién
bacteriana activa en ellas, siendo las carcasas verdaderos microambientes para su desarrollo
(Tang, 2005; Tang et al.,2014).

En el pélagos, las bajas concentraciones de oxigeno en las ZMOs han sido sefialadas
como el factor responsable del incremento de carcasas de copépodos en esta capa,

principalmente en aquellas especies que no posean adaptaciones fisioldgicas para habitar en



ella (Yafez et al., 2012). Este incremento puede ser un importante substrato organico labil
para comunidades bacterianas, formando puntos de alta biodiversidad (hotspot) microbiana en
el océano (Tang et al., 2010), ya que naturalmente contienen bacterias, particularmente sobre
la superficie de su cuerpo y dentro de sus intestinos (Nagasawa & Nemoto, 1988; Carman &
Dobbs, 1997; Tang, 2005).

En relacion con los cambios que pueda experimentar la comunidad bacteriana durante
el tiempo de degradacion, se ha observado que la comunidad de bacterias de las carcasas
degradadas es muy diferente a la comunidad del agua del ambiente, indicando un cambio en la
comunidad bacteriana con el inicio de la descomposiciéon (Tang et al., 2006 a, b) (Fig. 5).
Durante la descomposicidn, los cambios que pueda sufrir la comunidad bacteriana, tanto dentro
como fuera de la carcasa, sugieren que pueden existir bacterias méas eficientes que otras al
degradar y explotar la MO de las carcasas, llevando a cambios importantes en la composicion
de la comunidad bacteriana (Tang & Elliott, 2014). Al final de la descomposicion, mucho del
tejido de las carcasas y las bacterias pueden desaparecer, quedando el exoesqueleto quitinoso y
porciones traza de tejidos internos. Aunque las bacterias quitinoliticas existen o estan presentes
en lagos, sistemas estuarinos y marinos, la degradacién de quitina por bacterias en la naturaleza
tiende a ser muy baja. Por ejemplo, incubaciones in situ de purificacion de particulas muestran
una “tasa de pérdida” < 1% por dia (Kirchner, 1995; Kirchman &White, 1999; Tang & Elliott,
2014).

initial : early stage

mid-stage late stage

Figura 1.5. Degradacion microbiana de carcasas de copépodos (Tang et al., 2006 b).



La degradacion microbiana hidroliza y remineraliza el material orgdnico de las
carcasas en altas tasas, en este proceso, ademas, se reduce la densidad de las carcasas y cabe la
posibilidad de que estas carcasas por boyantés neutra, permanezcan en la columna de agua
(Tang & Elliott, 2014). En contraste, una rapida sedimentacion ha sido reportada para Acartia
tonsa de 60 m/dia (Elliott et al., 2010) y para Paracalanus cf. indicus de 40 m/dia (Yéafiez et
al., 2012) en el transporte pasivo de carbono hacia aguas profundas y el fondo marino (Sampei
etal., 2009, Tang et al., 2014).

Asi entonces, la descomposicion bacteriana de MO desde carcasas de copépodos puede
sustentar una alta produccion bacteriana en la ZMO. Ademas, a diferencia de la degradacion
de los fitoagregados, que raramente es anoxico (Ploug, 2001), su degradacion podria albergar
procesos bacterianos anaerdbicos que no ocurren en otro lugar de la columna de agua (Bickel
& Tang, 2010), por ejemplo, la capa superficial oxigenada. La descomposicion vy
desintegracion de las carcasas por bacterias heterétrofas podrian proveer una via alternativa de
regeneracion de nutrientes (Harding, 1973; Bickel & Tang, 2010). Esto podria, ademas,
influir en el anillo microbiano, por incorporacion de estas carcasas, como Materia Organica
Particulada (POM, del inglés Particulate Organic Matter) sujeta a la degradacion bacteriana
para la produccion de DOM vy permitirnos conocer el potencial desvio y flujo de materia y
energia desde su ruta clasica (fitoplancton-zooplancton-peces), lo cual puede tener
implicancias al momento de estimar produccion secundaria en copépodos asociados a las
ZMOs.

Estudios sobre la ocurrencia y destino de las carcasas de copépodos asociados a las
ZMOs podrian, entonces, ser importantes para nuestra comprension y conocimiento no solo de
la mortalidad y dinamica poblacional de copépodos, sino que también conocer la relaciéon que
existe entre los copépodos, la cadena trofica microbiana y los flujos biogeoquimicos.

Estos antecedentes, nos permiten afirmar que las ZMOs tienen un rol clave en la
estructuracion de las comunidades marinas (Stewart et al., 2012), tales como copépodos y
bacterias. Por ejemplo, incrementando la mortalidad de aquellos copépodos que no posean
adaptaciones fisioldgicas para habitar en ella. Siendo entonces, esta mortalidad evidenciada
mediante la presencia de carcasas de copépodos, que al permanecer en la columna de agua
puedan ser utilizadas como un substrato organico y degradadas por aquellas bacterias

heterdtrofas que habitan en el sistema pelagico y su ZMOs asociada. No obstante, ain existen
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preguntas abiertas por responder. Entre ellas, poco se sabe sobre cuéles son las tasas de
incorporacion de las carcasas de copépodos al ambiente, o acerca de la funcion e identidad de
las comunidades bacterianas asociadas a estas carcasas (Tang et al., 2006 a,b). Ademas, existe
escaso conocimiento acerca de los cambios que pueden existir en la degradacion de carcasas a
diferentes concentraciones de oxigeno y las implicancias de ésta, tanto para la
remineralizacion de MO y la cadena tréfica microbiana como para los flujos de
biogeoquimicos.

El presente estudio abord6 desde una perspectiva ambiental, la problemética asociada a
las estimaciones tasas de mortalidad de copépodos peldgicos y los potenciales efectos de las
bajas concentraciones de oxigeno en las ZMOs y desde la perspectiva experimental, las
influencias de esta capa sobre la degradacion y comunidad bacteriana directamente asociada a
carcasas de copépodos en el SCH. Finalmente, como estas perspectivas pueden influir en las
estimaciones de produccién secundaria de copépodos pelagicos en el Sistema de Corrientes de
Humboldt.
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2. HIPOTESIS Y OBJETIVOS

Considerando que la presencia de las carcasas de copépodos esta influenciada por las
condiciones ambientales a las que estos organismos se ven expuestos; ambientes particulares
como la ZMO frente al norte de Chile podrian estar influyendo no solo en las tasas de
mortalidad no-depredatoria (incrementado la abundancia de carcasas), sino también en las tasas
de degradacion y composicion de la comunidad bacteriana asociada a estas carcasas. Por esto,

las hipotesis a someter a prueba en la presente investigacion plantean que:

H1: “La disminucion en la concentracion de oxigeno en la columna de agua incrementa las
tasas de mortalidad no-depredatoria de copépodos pelédgicos, produciendo carcasas como
material labil para la degradacion bacteriana en la Zona de Minimo de Oxigeno del Sistema de

Corrientes de Humboldt”.

H2: “La disminucion en la concentracion de oxigeno en la columna de agua incrementa las
tasas degradacion bacteriana de carcasas de copépodos en la Zona de Minimo de Oxigeno del

Sistema de Corrientes de Humboldt™.

H3: “La disminucion en la concentracion de oxigeno en la columna de agua modifica la
comunidad bacteriana asociada a carcasas de copépodos pelagicos en la Zona de Minimo de

Oxigeno del Sistema de Corrientes de Humboldt”.
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2.1. OBJETIVO GENERAL

Comprender el impacto de la disminucion de la concentracion de oxigeno en la columna de
agua sobre la mortalidad de copépodos pelagicos, la degradacion de sus carcasas y las

comunidades bacterianas asociadas, en la zona de surgencia del norte de Chile en el SCH.

2.2. OBJETIVOS ESPECIFICOS

1. Estimar las tasas de mortalidad no-depredatoria de copépodos pelagicos asociadas a la
concentracion de oxigeno en la columna de agua en la zona de surgencia del norte de
Chile.

2. Determinar la degradacion bacteriana de carcasas de copépodos pelégicos asociadas a la
concentracion de oxigeno en la columna de agua en la zona de surgencia del norte de
Chile.

3. Determinar la composicién bacteriana potencialmente responsable de la degradacion de
carcasas de copépodos pelagicos asociadas a la concentracion de oxigeno en la columna

de agua en la zona de surgencia del norte de Chile.
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3. MATERIALES Y METODOS

3.1. Area de estudio

La presente investigacion se desarrolld en la Bahia de Mejillones (23°S) dentro del SCH.
Esta region es conocida por su activa e intermitente surgencia costera (Marin et al., 1993) que les
confiere a las aguas superficiales, masas de agua ricas en nutrientes, frias y pobres en oxigeno
disuelto asociadas a la zona de minimo de oxigeno (OMZ, del inglés Oxygen Minimum Zone)
(Marin and Olivares, 1999), siendo estos eventos de surgencia los responsables de los altos
niveles de produccion primaria (Daneri et al., 2000) y pesquerias (Alheit & Bernal, 1993; Arcos
et al., 2001).

Fueron realizados muestreos mensuales y estacionales durante los afios 2010-2015
utilizados para el ajuste del método de rojo neutro. Los muestreos mensuales durante los afios
2010 - 2011, fueron utilizados principalmente en las estimaciones de mortalidad de zooplancton.
En estos periodos, se obtuvieron muestras ambientales (T, S, DO, Chla; ver seccion 3.2) y
zooplancténicas desde 3 estaciones de muestreo, denominadas como St-1 (23°, 04 S — 70°, 25 W;
zmax = 60 m), St-2 (23°, 02 S - 70° 27 W; zmax = 90m) y St-3 (23°, 03S - 70° 28 W; zmax =
120m). Estas estaciones se distribuyen costa- océano, siendo la St-1 la estacion costera, la St-2
representa la zona de transicion, mientras que la St-3 es oceanica (Fig. 3.1). Adicionalmente a
este muestreo, se obtuvieron muestras desde las estaciones St-2 y St-3 en una transecta costa-
océano, las que fueron utilizadas para los experimentos de tasas de degradacion y determinacién
de la comunidad bacteriana asociada a las carcasas desde el ambiente realizados durante los afios
2015-2016.
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Figura 3.1 Area de estudio en la Bahia de Mejillones en el norte de Chile. Las estaciones de
muestreo se encuentran indicadas por un punto negro.

Objetivo 1: Estimar las tasas de mortalidad no-depredatoria de copépodos peldgicos asociadas a

la concentracion de oxigeno en la columna de agua en la zona de surgencia del norte de Chile.

3.2. Trabajo de campo

La informacion ambiental fue obtenida mediante perfiladores oceanograficos autbnomos
tipo CTD (del inglés Conductivity, Temperature, Depth), modelo SeaBird 19, y una Sonda
multiparametro modelo YSI 200 Exo 2, que permitieron obtener informacion de conductividad,
temperatura, profundidad y oxigeno disuelto en la columna de agua. También se colectaron
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muestras de agua con una botella Niskin de 10 L, para estimar clorofila a dos profundidades (10,
50 m).

3.2.1. Muestra de zooplancton para estandarizar rojo neutro
La coleccion de zooplancton fue tomada desde diferentes periodos de tiempo en una
ventana de 6 afos, entre marzo del 2010 y marzo 2015, con un total de 141 muestras analizadas.
En los muestreos, fueron utilizadas diferentes redes de zooplancton de 200 y 100 pm
dependiendo de la plataforma y area de estudio, tales como Multinet, WP-2 y Tucker trawl, todas

equipadas con fluorometro.

Con la finalidad de ajustar el método de rojo neutro a las condiciones locales, ademas de
examinar las muestras obtenidas de diferentes redes, también las muestras fueron incubadas en
las siguientes condiciones: diferentes concentraciones de solucion de rojo neutro (2, 4 y 6 mL).
Diferentes tiempos de incubacion (10 y 20 minutos). Las muestras obtenidas fueron transferidas a
frascos etiquetados de 500 mL, e inmediatamente fueron tratadas con el método de rojo neutro
(Elliott & Tang, 2009; modificado por Yafiez, 2009 y de Yafez et al., 2012, 2018 para
condiciones locales). Brevemente, cada muestra fue incubada con 2-4 mL de una solucion de rojo
neutro (0,5 % p/v) por 10-20 minutos. Posteriormente, las muestras tefiidas fueron concentradas
y enjuagadas con agua de mar filtradas para remover el exceso de tincion, inmediatamente fueron
preservadas con formalina neutralizada con acetato de sodio al 4%. En el laboratorio fueron
almacenadas en condiciones de oscuridad para posteriormente ser analizadas. En el laboratorio,
las muestras fueron enjuagadas para quitar el exceso de formalina, y luego fueron analizadas
agregando aprox. 0,3 mL de &cido acético (C2Hs02) 1M para activar el color de la tincion.
Primero, testeamos el efecto de la preservacién y almacenamiento sobre la tincion de la muestra,
tomando 10 mL de submuestra desde un frasco aleatorio por un periodo de 3 a 6 meses. Bajo un
estereoscopico éptico (20x y 40x), se identificaron y cuantificaron organismos de algunos grupos
de zooplancton: huevos, nauplios, copepoditos y adultos de especies dominantes de copéepodos (<
4 mm), hidromedusas, claddceros, ostracodos, apendicularias, larvas de peces y quetognatos. Los
organismos vivos fueron reconocidos de color rojo y aquellos no tefiidos o incoloros como

organismos muertos.
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3.2.2. Muestras de zooplancton para estimaciones de mortalidad

Los copépodos fueron recolectados con arrastre vertical desde la capa superficial
oxigenada (0—30 m de profundidad) usando una red tipo WP-2 (con copo no filtrante) de 200

micras de apertura de malla (50—cm de apertura de boca), equipada con un fluorémetro.

Las muestras obtenidas fueron transferidas a frascos etiquetados de 500 mL, y fueron
tratadas con el método de rojo neutro siguiendo el protocolo ajustado a las condiciones locales
(descrito en la seccion 3.2.1). En el laboratorio, y bajo un estereoscépico éptico (20x y 40x), se
identificaron y cuantificaron los estadios de copepoditos y adultos de las especies de copépodos
dominantes: Acartia tonsa, Paracalanus cf. indicus y Calanus chilensis. Los organismos vivos
/muertos fueron identificados y cuantificados y estandarizados a ind. m=3, esto con el fin de
poder estimar las tasas de mortalidad no-depredatoria de copépodos en la zona de estudio (ver

seccion 3.4).

3.2.3. Muestra de copépodos para experimentos de tasas de desarrollo

Los copépodos fueron recolectados mediante arrastre oblicuo con una red WP-2 sobre
los 50 m de profundidad desde las St-3 a St-3. Las muestras fueron diluidas en agua de mar y
transportadas al laboratorio dentro de 2 horas. Adicionalmente, una muestra de agua de mar fue
recolectada con una botella Niskin a 10 m para la incubacion.

3.3. Trabajo en laboratorio
3.3.1. Estimacion del tiempo de Duracion de Estadios.

En las especies de copépodos en estudio P. cf. indicus, A. tonsa y C. chilensis, la
duracion de estadios ha sido estudiada en laboratorios y se ha encontrado que varia por estadio,
y que podria depender de la temperatura y la disponibilidad y calidad del alimento (Kimmerer
and McKinnon, 1989; Peterson 2001; Giraldo et al., 2002; Escribano 1998; Vargas et al., 2010).

En este estudio se estimd la duracion de estadios temperatura-dependiente usando la
equacion de Bélehradek (1935):

Di = ai (T —a)° (1)

Donde T es la temperatura in C°, a; es el tiempo de desarrollo (dias, se determiné desde
experimentos de tasas de desarrollo, ver seccion 2.3.2), y los parametros « y b fueron estimados

mediante una regresion no lineal de minimos cuadrados (funcion nis en el programa R).
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3.3.2. Experimentos de tasas de desarrollo

Los experimentos de tasas de desarrollo en copépodos estdn basados principalmente en
la presuncion que los individuos recién capturados y mantenidos en incubaciones cortas
(horas) manifiestan tasas de desarrollo y crecimiento similares a aquellas in situ donde han
sido capturado (Harris, 2000). Basicamente, la ocurrencia de mudas y la duracién de los
estadios se determinan a partir de los cambios observados en la frecuencia de aparicion de
estadios consecutivos en el transcurso del desarrollo hasta el estadio adulto. El tiempo de
desarrollo hasta un determinado estadio se define como el intervalo entre el inicio del
experimento y el momento cuando el 50% de la cohorte ha mudado al estadio, mientras
que la duracion queda determinada por el intervalo entre el tiempo de desarrollo hasta el

estadio y el correspondiente al estadio subsiguiente.

Desde los muestreos de zooplancton vivo, los organismos fueron identificados y
separados por estadios para las actividades experimentales. Se realizaron incubaciones de 30
individuos por cada estadio en agua de mar filtrada a temperatura controlada de 15°C. Los
organismos que se incubaron fueron seleccionados de acuerdo su estado de condicion en cuanto
a su capacidad natatoria, pigmentacion, cuerpos y antenas completas. Luego, cada 24 h, los
estadios iniciales, subsecuentes, mudas y muertos fueron cuantificados. En total, fueron
realizados 29 experimentos con P. cf. indicus, 42 experimentos con A. tonsa y 31 experimentos

con C.chilensis.

Las estimaciones de cambios en la frecuencia de estadios durante las actividades

experimentales, permitieron componer la funcion que describe la tasa de muda (MR):

MR = ((Ni — Ni+1)/(t/24) 2
donde MR es la tasa de muda (1/d) , t es el tiempo (d), i y i+1 son los estadios iniciales y
subsecuentes, descontados los organismos muertos.

La tasa de desarrollo corresponde entonces, a la tasa de individuos (obtenida desde MR)
que van ingresando en cada estadio de la poblacion durante la escala diaria. Esto es, el

numero de individuos reclutados a la poblacion durante el periodo de muestreo.

Por lo tanto, el tiempo de desarrollo (a, d) se estima con la siguiente ecuacion,
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ai=1/MR (3)

3.4. Estimaciones de tasas de mortalidad no-depredatoria de copépodos

Las estimaciones de tasas de mortalidad no-depredatoria (m, d?!) de estadios de

copepoditos en este estudio se calcularon desde el método aproximaciones de tablas de vida
vertical (VLT, del inglés Vertical Life Tables), modificado desde Aksnes et al., (1997) por

Elliott and Tang, (2011). En este método, ambos, copépodos Vvivos y carcasas intactas son

tratados como sobrevivientes de la mortalidad depredatoria. La tasa de mortalidad depredatoria

es estimada utilizando ecuaciones de VLT modificadas. La tasa de mortalidad no—

depredatoria, entonces, es calculada como la diferencia entre el total y las tasas de mortalidad

depredatoria, ambos derivados desde calculos de VLT.

Los parametros principales son: i) proporcion de abundancia (ind.m organismos vivos

y muertos por el total (r); ii) duracion de estadios (Di, desde la ecuacion de Belehradek) v iii)

tiempo de residencia de las carcasas en el agua (t, en inglés carcasses turnover time) (Elliott

and Tang., 2011); y iv) tasas de mortalidad depredatoria (5, d):

i)

i)

i)

Proporcion de organismos vivos y muertos (m): Este parametro fue estimado desde la
identificacion y cuantificacion de los estadios de copepoditos (C1-C5) y adultos vivos y
muertos (carcasas). La identificacion de organismos vivos y carcasas se realiza gracias a
la aplicacion del método de rojo neutro (ver seccion 3.2.1). Los datos fueron
estandarizados a ind.m* y luego calculadas sus proporciones para organismos vivos vs

total y organismos muertos vs total. Utilizadas luego en la ecuacion (5) y (6).

Tiempo de duracion de estadios (Di, dias): Estimaciones del tiempo de duracion de
estadios (Di, para el estadio i, d) son requeridos en el modelo como “inputs” para el
método de estimaciones de tasas de mortalidad no-depredatoria y fueron calculadas
usando la ecuacion (1) (ver seccién 3.3.1) desde experimentos de laboratorio (seccion

2.3.2) para las tres especies de estudio.

Tiempo de residencia de las carcasas en el agua (t): Este parametro fue estimada de
acuerdo con Elliott et al., (2010), quién encontrd que la turbulencia in situ en la bahia de
Virginia podria retener carcasas en la columna de agua por un tiempo determinado. Sin

embargo, la sedimentacion de estas carcasas puede tardar debido a que la degradacion

18



iv)

microbiana reduce las carcasas de copépodos a una fina capa de quitina (8,35 % del peso
seco inicial; Cauchie et al., 1997), y fue calculado como la siguiente ecuacion:

3,83
T = e(4’166[1—8_0'003T)+o,o4500 1,39) @

Donde la tasa de residencia o turnover time (horas desde la muerte hasta capa de quitina
mencionada anteriormente). T es la temperatura y DO es el oxigeno disuelto del agua.
Entonces la ecuacion (4) predice el tiempo de residencia de una carcasa de copépodo

(dias, meses, afios), a T y DO ambiental.

Tasas de mortalidad depredatoria (5, d1): La formula utilizada para estimar este parametro
relaciona la informacion entre estadios sucesivos (i and i+1) a través de la ecuacion de la
raz6o entre sus abundancias (Ai y Ai+1) observados en el mismo tiempo y locacién, la
razon de reclutamiento desde sus respectivos tiempos de duracion de estadios (Diy Di+1),
asumiendo una tasa de mortalidad constante dentro de los dos estadios.

Al l—nle(_aim]—nze[_air} 5
Ai+1 nle{_ainf}[l—:'rBe(_aiDH 1}_,749(—511]] ( )
Al l—nle(_aim]—nze(_air} 6
Aq  m,e(-8D)[1 g, o (-5iD)] (6)

Donde 71 y m2 son la proporcién de individuos vivos y muertos, respectivamente, en el
estadio i; w3 y ma son la proporcién de individuos vivos y muertos, respectivamente, en el
estadio i+1; t es la duracion de carcasas de copépodos en la columna de agua (t) y d es la

tasa de mortalidad depredatoria.

Para esta tesis, la ecuacion (5) fue utilizada para estimar la tasa mortalidad depredatoria

(5, d1) de los estadios C1-C4. En el caso de que el estadio sucesivo es un adulto (Aq, el estadio

adulto, no muda) la ecuacion utilizada fue la (6).

Las tasas de mortalidad no pueden ser calculadas directamente usando las ecuaciones (5) y (6),

por lo que son necesarios métodos numeéricos para resolverlos. El software R posee una rutina

para encontrar el algoritmo necesario, las funciones en fzero fueron entonces utilizadas para

resolver las ecuaciones de tasas de mortalidad iterativamente, 3, en las ecuaciones (5) y (6).

v)

Mortalidad total (mt, d): Este parametro fue estimado una vez estimadas las razones de
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las abundancias (Ai y Ai+1), duracion de estadios (Diy Di+1) y mortalidad depredatoria (9,
d1) aplicados a la siguiente ecuacion:

(8iDi) _
Mortalidad total (mt,d ) = Ai+1 (19_9(8—:'%}1}) (7
Una vez calculadas las tasas de mortalidad total y depredatoria, las tasas de mortalidad no-
depredatoria fueron estimadas como la diferencia entre las tasas mortalidad total y la
depredatoria. Esta aproximacion de tasa de mortalidad no-depredatoria solo fue aplicada para

aquellas muestras donde los valores de mortalidad depredatoria fueron positivos.

Objetivo Especifico 2: Determinar la degradacion bacteriana de carcasas de copépodos pelagicos
asociadas a la concentracion de oxigeno en la columna de agua en la zona de surgencia del norte
de Chile.

3.5. Trabajo de campo

35.1. Muestra de zooplancton para experimentos

Para las actividades experimentales, se obtuvieron 3 muestras de zooplancton vivo entre
las estaciones St-2 y St-3 (Fig.2), aproximadamente a 7-8 millas nauticas desde la costa. Se
realizaron arrastres oblicuos sobre los 30 metros de profundidad con una red WP-2 (200 micras),
sin copo filtrante, por un tiempo aproximado de 15 minutos de manera de obtener una muestra
concentrada. Las muestras fueron cuidadosamente transportadas en neveras con ice pack para
mantener la temperatura del medio, se obtubo agua de mar con una botella oceanografica antes
mencionada. Adicionalmente, se realizé un lance de CTDO hasta los 90 metros para obtener los
gradientes de temperatura, salinidad y oxigeno disuelto. Las muestras fueron almacenadas en una

nevera y transportadas al laboratorio en un tiempo de 1 hora.

3.6. Trabajo en laboratorio
3.6.1. Experimentos degradacion de carcasas
En el laboratorio, las muestras de zooplancton fueron mantenidas en la nevera, y se esperd
un tiempo de manera que el zooplancton muerto decante al fondo del recipiente y el vivo se
mantenga en superficie nadando. El zooplancton vivo fue cuidadosamente removido con una

pequefia malla. Luego, el agua de la nevera fue filtrada por un tamiz de 200 um. Entonces, y con
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el fin de obtener carcasas frescas, el zooplancton vivo fue expuesto brevemente (10 seg
aproximadamente) a una solucién de acido acético al 10%, posteriormente el exceso de acido
acetico fue removido, enjuagando las carcasas varias veces con agua de mar filtrada 0,2 micras.
Los experimentos de degradacion bacteriana fueron realizados bajo condiciones de
laboratorio con temperatura y oxigeno disuelto controlado. Las incubaciones fueron realizadas en
agua de mar filtrada a 0,2 micras en botellas Duran Shot de 250 mL previamente cebadas con
acido clorhidico (HCL) al 1%. El oxigeno disuelto en el agua fue medido con un sensor optico
OXY - 4 Optode PreSens (nivel de deteccion 0,1 pLL™) y controlado mediante la inyeccion de
nitrdgeno gaseoso (N2). El sensor de oxigeno fue previamente calibrado usando dos puntos de
calibracion, 100% y 0% de saturacion, siguiendo las instrucciones del fabricante. Se obtuvieron
mediciones de OD al inicio y al final de las incubaciones. La temperatura fue controlada con un
termostato y un bafio termorregulado a 15°C. Esta temperatura seleccionada corresponde a la
temperatura in situ promedio de la columna de agua durante el periodo de estudio. Se realizaron 2
niveles de concentracion de oxigeno disuelto, en condiciones anoxicas (0 UM o 0 mL L?) y
normoxicas (378—45 pM o 8—1 mL LY).
Los individuos de la especie A. tonsa fueron separados bajo lupa estereoscopica SMZ
1000 zoom stereomicroscope (Nikon) y se formaron grupos de 35 individuos por botella de
incubacion en triplicado, para ambas condiciones de concentracién de oxigeno disuelto.
Posteriormente las botellas fueron rebalsadas con agua desoxigenada/saturada en oxigeno y
tapadas (sin dejar burbujas) para realizar la incubacién y obtener la tasa de degradacién cada 6
horas por 36 horas. Pasadas 6, 12,18,24,39 y 36 horas, el contenido de la botella fue filtrado con
un tamiz de 23 micras. 25 individuos fueron separados y congelados en nitrégeno liquido (-
195,8°C) y luego almacenados a -20°C. Los 10 restantes fueron separados para anélisis de

microscopia (ver seccién 2.5.5).

3.6.2. Microscopia
Desde los experimentos de tasas degradacion 10 individuos fueron analizados vy
fotografiados bajo lupa estereoscépica modelo CH2 marca Olympus para estimaciones de tiempo

de degradacion.
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3.7. Estimacion de degradacion

Las tasas de degradacion fueron estimadas de acuerdo con el tiempo de incubacion de
cada botella y el estado de degradacion de las carcasas. El estado de degradacion se estimd
utilizando un software para edicion de imagenes, que permite obtener una imagen con contraste.
Esta imagen editada, es marcada asimilando una esfera, de manera de estimar el area de esta

esfera degradada en el tiempo (Fig. 3.2).

Figura 3.2: Anélisis de imagenes para obtener aproximaciones de tasas de degradacion de
carcasas de copepodos, la linea discontinua representa el total de area seleccionada. A) Carcasa
con 0 -30% del prosoma degradado; B) carcasa con 30-70% del prosoma degradado.

Objetivo 3: Determinar la composicion bacteriana potencialmente responsable de la degradacion
de carcasas de copépodos pelagicos asociadas a la concentracion de oxigeno en la columna de
agua en la zona de surgencia del norte de Chile.

3.8. Trabajo de campo

38.1. Muestra de zooplancton para analisis moleculares

Para el analisis de la composicion bacteriana inicial asociada a carcasas de copépodos.
25 carcasas fueron separadas desde la muestra de zooplancton tomada en terreno (ver seccion
3.5.1), transferidas a un tubo eppendorf estéril de 2mL, preservadas en nitrégeno liquido (-
198°C), para posteriormente ser almacenadas a -20°C.

Adicionalmente, para el analisis de la composicion bacteriana asociada a la degradacion
de las carcasas de copépodos, fueron también tomadas 25 carcasas de copépodos desde los
experimentos de tasas de degradacion (ver seccion 3.5.4), transferidas a un tubo eppendorf

estéril de 2 mL, preservadas en nitrogeno liquido (-198°C), para posteriormente ser
22



almacenadas a -20°C.

3.9. Trabajo en laboratorio
39.1. Analisis de extraccion de ADN

Las extracciones de ADN total de las bacterias asociadas a carcasas de copépodos
provenientes del experimento de degradacion fueron extraidas siguiendo el protocolo del Kit de
extraccion NucleoSpin Tissue XS (Macheley-Nagel). Para verificar la integridad del ADN
extraido, las muestras fueron observadas en un gel de agarosa al 1%, tefiido con bromuro de
etidio y visualizado en un transiluminador de luz ultravioleta. EI ADN fue concentrado
utilizando SpeedVac. Finalmente, la calidad y cantidad de ADN fue chequeado en un
espectofotometro Nanodrop ND-1000 y en un fluorémetro V 1.27 (Invitrogen).

39.2. Comunidad bacteriana asociada a carcasas de copépodos

Para evaluar la composicion de las comunidades bacterianas asociadas a carcasas de
copépodos, las muestras obtenidas en la seccion 3.7.2 fueron enviadas para ser analizadas via
secuenciacion masiva dirigida (lllumina tag-sequencing) en la plataforma Fluidigm
(https://iwww.fluidigm.com) en Functional Genomics Laboratory de University of Illinois. Alli
se amplificé la region V4 del gen 16S rRNA utilizando los partidores 349F-806R. Los

amplicones fueron secuenciados utilizando Illumina MiSeq.

3.9.3. Genes funcionales

Para estudiar la presencia de genes funcionales, se obtuvieron amplicones desde el
mismo ADN templado utilizado para el gen 16S. Los partidores utilizados para cada gen fueron
los siguientes: nosZ, 1F-1R, nirK, 876F-1040R; amoA: 1F-2R; petbf-petbr; RblIf-RblIr. Los
genes elegidos fueron 6xido nitroso y nitrito de reductasa (nosZ y nirK, respectivamente);
transferencia de electrones en metandgenos, citocromo b6 (petB); nitrificacion, amonio-

monooxidasa (amoA); y fijacion de CO2, Ribulosa-bifostato (rbcS).

3.10. Analisis de datos
Las secuencias obtenidas desde el analisis de secuenciacion masiva, fueron analizadas

con el Software MOTHUR (http://www.mothur.org/wiki/MainPage), el cual permite detectar,

reducir y eliminar los errores asociados a la secuenciacion, las secuencias de baja calidad y las
quimeras. Luego, las muestras fueron clasificadas taxondmicamente comparando la data

obtenida con la base de datos SILVAL132. Finalmente, las secuencias que no pueden ser
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clasificadas fueron eliminadas; con las secuencias restantes se armaron las OTUs (del inglés,
Operational Taxonomic Unit).

Debido a la gran cantidad de datos obtenidos desde la secuenciacion masiva dirigida
(Tag-seq), fue necesario analizarlos con el uso de herramientas estadisticas multivariadas. Para
el andlisis exploratorio y visualizacion de las muestras se utiliz6 un analisis de cluster y el
escalamiento multidimensional no paramétrico (nMDS). El andlisis de cluster agrupd las
muestras en categorias, basado en las abundancias de OTUs dentro de la muestra de tiempo de
degradacion.

El Andlisis de Similitud (ANOSIM) fue utilizado para probar estadisticamente si
existen diferencias entre los grupos visualizados en el analisis nMDS. El analisis de Porcentaje
de Similitud (SIMPER) fue utilizado para evaluar que taxones fueron los mayormente
importantes y responsables de las diferencias observadas entre los grupos de muestras. Para el

analisis de todas estas variantes se utilizo el software PRIMER 6 (Primer-E, Plymouth, UK).
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4. RESULTADOS

4.1.CAPITULO 1: Copépodos pelagicos en el Sistema de Corrientes de
Humboldt: aproximaciones de tasas de mortalidad

4.1.1.Live and dead zooplankton determined by the Neutral Red Method

Articulo enviado: Marine Biology (MABI-D-18-00372)

Sonia Yariez
Doctorado en Oceanografia
Universidad de Concepcidn

Resumen

Se describe un protocolo estandarizado para recolectar, tefiir y analizar zooplancton
marino desde muestras obtenidas en terreno, con el fin de determinar in situ los organismos
vivos y muertos. El protocolo fue testeado utilizando tres redes de zooplancton diferentes en dos
sitios de surgencia en el Sistema de Corrientes de Humboldt frente a Chile. Este protocolo fue
aplicado a un grupo de zooplancton tales como huevos, estadios naupliares y copepoditos de
copépodos mas en detalle. Nosotros recomendamos el uso de este simple protocolo in situ para la
determinacion del estatus vivo/muerto de grupos comunes de zooplancton en muestras marinas.
Este avance en el método de tincidn permite a los investigadores acceder a la rapida distincién
entre individuos vivos y muertos en terreno, otorgando la oportunidad de obtener en detalle la
cuantificacion de carcasas de zooplancton. Acceder a esta cuantificacién de carcasas en terreno,
podria ayudar a los estudios de mortalidad natural de zooplancton asociado a la variabilidad

oceanografica.

Palabras claves: Método de rojo neutro, mortalidad no-depredatoria, zooplancton
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Highlights:

e A simple and reliable protocol for in situ determination of the living/dead status of
common zooplankton groups in marine field samples.

e This advance in the staining method allows researchers to rapidly distinguishing live and
dead individuals in the field, opening the opportunity to obtain detailed quantification of
zooplankton carcasses.

e The access to quantify carcasses in field samples will also help the studies on natural

mortality of zooplankton associated with oceanographic variability
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Abstract

Here we describe a standardized protocol for collecting, staining, and analyzing marine
zooplankton from field samples for determination of in situ live and dead animals. The protocol
was tested after using three different sampling nets and from two upwelling sites in the
Humboldt Current System off Chile. Its applicability to a range of common marine zooplankton
groups was also determined in eggs, naupliar stages, and advanced stages of copepods as
addressed in detail. We suggest this is a simple and reliable protocol for in situ determination of
the living/dead status of common zooplankton groups in marine field samples. This advance in
the staining method allows researchers to rapidly distinguishing live and dead individuals in the
field, opening the opportunity to obtain detailed quantification of zooplankton carcasses. The
access to quantify carcasses in field samples will also help the studies on natural mortality of

zooplankton associated with oceanographic variability

Keywords: Neutral red stain method, non-predatory mortality, zooplankton
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Introduction

One of the most basic needs in copepod research is having an accurate assessment of
population abundance, from which researchers can derive many ecological parameters, such as
grazing (feeding) impact, population growth and food availability for higher trophic levels. In a
traditional field sampling, copepods are trapped and concentrated by nets into collectors (cod
ends), and indiscriminately preserved and enumerated without knowledge of the original
live/dead status of the sampled animals. Subsequently, researchers often assume that all
copepods counted were originally alive, and that in situ mortality is caused solely by predation,
which can be deduced from changes in abundance. However, there is no a priori reason to
believe that copepods would be exempt from non-predatory mortality, which may leave intact
carcasses or dead bodies behind. Without distinguishing between live and dead copepods in field
samples, researchers may have overlooked evidence of non-predatory mortality and erred in
understanding many potential ecological processes (Tang et al., 2014; Tang and Elliott, 2014).

Copepod carcasses can be distinguished from live copepods before preservation in various
ways, such as: i) lack of movement even upon stimulation (probing); ii) lack of heart beats; iii)
lack of gut peristaltic movement; iv) signs of decomposition such as development of rigor
mortis, missing body tissues, or colonization by microbes. Carcasses are also clearly different
from exuviae because carcasses contain traces of tissues even at advanced stage of
decomposition (Elliott and Tang 2009). These methods, however, require close and lengthy
examination of individual copepods, and are therefore impractical in field surveys. A simple
method to quickly and reliably differentiate live and dead zooplankton in preserved field samples
is therefore needed. Here we describe such a method using the vital stain neutral red. Dressel et
al. (1972) first described the use of neutral red staining to differentiate live and dead marine
copepods. The method is promising for determining live/dead status of zooplankton in field
samples for a number of reasons. It provides a clear color distinction between live and dead
animals, making it less subjective and less time consuming than inspecting for signs of injury or
decomposition. It also allows for identification of recently dead individuals that may have no
visible signs of decomposition. The method is inexpensive, the stain is nontoxic, and the protocol
for staining is simple, making it easy to incorporate into routine field sampling.

This method and has a serie of older studies behind it, such as, Dressel et al. (1972), Crippen
and Perrier (1974), Fleming and Coughlan (1978); Carpenter et al. (1974), Hoffmeyer et al.
(2005), Vinogradov et al. (1997, 1998) and Tang et al. (2006) and their limitations where
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carefully and fully described by Elliott and Tang (2009). Furthermore, Elliott and Tang (2009)
described that the limitations associated with neutral red staining of zooplankton field samples
can be resolved by testing the accuracy and precision of the results of a single standardized
protocol, and with regard to the factors (variable staining pattern/intensity, variable
environmental conditions, and artifact mortality). This will ensure the accuracy of in situ live and
dead composition data obtained by neutral red staining. However, this study has some limitations
with the maximum time of the species take up the stain and retain it for an adequate period
during preservation and samples analysis. Finally, the protocol proposed by Elliott and Tang,
2009 was modified by Yanez, 2009 and Yanez et al., 2012 for local conditions. Here we describe
a standardized protocol for collecting, staining, and analyzing marine zooplankton field samples
for in situ live and dead determinations of animals. The protocol was tested in two upwelling
sites in the Humboldt Current System off Chile, its applicability to a range of common marine
zooplankton groups was determined and also in eggs, naupliar stages, and advanced stages of
copepods. The outcome is a simple and reliable protocol for in situ determining the vital status of
common zooplankton groups in marine field samples which can be associated to oceanographic

conditions.
Materials and methods

Preparation of neutral red stock solution — The stock solution was prepared diluting 0.5 g
neutral red powder (Neutral Red high purity biological stain; Merck) in 1000 mL deionized
water. After preparation, the stock solution was stored at dark at room temperature in a sealed
amber borosilicate glass vial. This stock solution should be replaced every three months or less,
if the storage conditions were not the ideal (e. g., excessive heat or light exposure).

Preparation of buffered formalin stock and activation of neutral red — Formalin stock is buffered
(pH > 7) with Sodium Acetate (NaOH), diluting 4.0 g of NaOH in 1000 mL of 40% formalin
solution. Samples are acidified to pH< 7 with Acetic Acid (C2H40>) to develop the stain’s color
inside the animals.

Collecting zooplankton — The zooplankton collections were carried out in different sampling
periods in a 6 years’ window, between March of 2009 and 2015, with a total of 141 samples
(Table 1). In the sampling we used different plankton nets of 200 and 100 um mesh size
depending of the platform of study and location (Table 1), as Multinet plankton, WP2 and
Tucker trawl (Table 1). The neutral red was applied immediately after the collection of the

samples on board.
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Staining efficiency and sample storage — To test the efficiency of the method, each collected
sample was transferred to the staining jar of 500 mL, and neutral red stock solution was
incubated with 2 — 4 mL of Neutral Red stock solution (0.5% wi/v) (Table 2). For samples with
an exceptionally high number of animals, and samples with high concentrations of
phytoplankton or detritus, additional neutral red stock may be added to increase stain uptake
without damaging the animals. As a rough guideline, the water should appear bright red and not
pink (scarce stain) or dark red (excess of stain). After stain addition, samples were incubated for
10 — 20 min. Afterward, samples were concentrated onto fine nylon mesh disks and rinsed
briefly with filtered in situ sea water to remove excess of stain. In the laboratory samples should
be stored at dark until their analysis.

Right before starting sample analysis under the stereo-microscope (20 — 40 X), we washed with
water to remove excess of formalin solution and, then we should add 0.3 mL or less of Acetic
Acid (C2H403) to the sample to activate the stain.

Results

First, we tested the effect of preservation and storage on staining results, taking 10 mL
subsamples from a single zooplankton sample for variable periods of time between 3 to 6

months. There was significant effect of preservation method on the staining results (Table 3).

Incubation time— For incubating times, we observed that samples stained during 10 min and
preserved resulted in lower and more variable percentages of stained organisms compared with
samples incubated during 20 min. We also observed that a significant effect of preservation
method of the staining results associated with different volumes of neutral red stock solutions
(Table 3). The preservation with volume of 2 mL of neutral red resulted in lower and more
variable percentages of stained specimens, compared with samples stained with 4 mL (Table 3).
Finally, we observed that samples retained the stain for 115 days (more than 3 months); after 4
months, sorting dead and live organisms was difficult for zooplankton samples from Coliumo
bay. Meantime, for those zooplankton samples taken in Mejillones bay (where the temperature
from the upper 50 m is in average 15°C), we observed that this time was longer than that of
Coliumo. The latter samples were further processed in the laboratory within 6 months. Regarding
these results, we recommend that samples should be stained by adding 4 mL of neutral red stock
solution in 200 mL of sample, incubated for 10 min, preserved in 4% buffered formalin solution,

stored in the dark, and processed within 3 months after collection in those areas where the
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temperature is lower than 8°C.

Microscopic analyses of stained samples — Preserved samples were acidified to pH < 7 to
develop the red stain’s color inside the animals. Acidification could be done using any acidic
solution (Dressel et al.,1972) and the addition of 0.3 mL of 1 M Acetic Acid (C2H40>) per 15 mL
sample works well from our experience. Samples are then observed with a stereo-microscope (20
— 40 X). Microscopy lighting is an important factor, and excessive lighting may cause stained
animals to appear pale and unstained animals to appear pink. For copepodid and adult copepods
a dark field lighting should be used.

Live animals at the time of sampling stained bright red in part or all of their tissues (mainly
prosome tissue); animals dead before the staining will appear unstained, cloudy-white, or light
pink. Color will begin to fade in 2 hours after re-suspension and acidification. Adding 0.3 - 0.5

mL additional acetic acid reduces this problem.
Assessment

Considering that this protocol for neutral red staining of zooplankton was described early by
Dressel et al. (1972), and most recently by Elliott and Tang (2009), some questions still remain
about the potential limitations of the method associated with specific environmental conditions
(e.g. in the coastal upwelling zone). Our goal was to describe and test a standardized protocol for
staining and live/dead sorting which can be applied easily to field samples. For the method to be
incorporated as a regular part of the field sampling, it is important to assess the accuracy and
precision of staining results when applied to different zooplankton groups. We observed that
neutral red worked well for small zooplankton samples (e. g., small copepods (< 4 mm),
medusae, cladocerans and ostracods), but it did not work well with large-sized zooplankton
samples (e. g. fish larvae and chaetognatha). For these cases, we therefore recommend that
staining be done with > 4 mL of neutral red stock solution.

General methodology — A series of laboratory tests was done with mixtures of known numbers
of live and dead zooplankton. In all of them, a large number of live and active animals were
collected from a single station in Coliumo Bay off Concepcion (36°S; 73°W) and Mejillones Bay
(23°S; 70°W).

Validation and Application of Neutral red method — For all the tests described in this study,
samples were stained, preserved, and analyzed according to the protocol described in “Materials
and procedures”. To date, neutral red has been applied mainly to calanoid copepods (Dressel et

al. 1972, Tang et al. 2006) and to several common marine zooplankton groups (Elliott and Tang
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2009). As part of the method development, we assessed the applicability of our protocol to
several common marine zooplankton groups: the dominant copepod species; eggs and nauplii,
copepodites of Paracalanus cf. indicus, Acartia tonsa, Calanus chilensis and Calanoide
patagoniensis; hydromedusae, cladocerans, appendicularian, siphonophora, ctenophores,
ostracods, chaetognatha, fish and crab larvae.

The eggs were stained by adding 0.1 mL of Neutral Red solution [0.5% p/v, 1:1000] in 2 mL of
seawater (Ruz et al., 2018). After 10 minutes the samples were preserved in 4% formalin
solution buffered with sodium acetate for later analysis. Within two months after the
experiments, the samples were analyzed to avoid the degradation of the stain. In the laboratory
we sieved (200 pum) and rinsed the formalin solution from the samples prior to place them in
counting chambers. Then the samples were acidified to pH < 7 by the addition of five drops (~
0.5 mL) of acetic acid (C2H40z), to obtain the red stain’s color in the organisms that were alive
at the end of the experiments.

The results showed that the neutral red method applied for all tested groups were highly
effective by Staining Efficiency Test > 99.2%, an exception were fish and crab larvae, which
were not stained (Table 4). However, the usefulness of the method depends not only on the
initial staining efficiency, but also on the ease of visibility of absorbed stain and retention of
stain after uptake. Live fish larvae took up the stain, but the staining was confined to weak pink
coloration at body surface. Live crab larvae also took up the stain, but the stained was confined
to weak pink and white coloration at joins. Copepod eggs and nauplii and small copepodid,
hydromedusae, cladocerans, appendicularia, siphonophora, ctenophores, ostracods,
chaetognatha, all stained efficiently. In conclusion, the use of neutral red staining for some
zooplankton groups requires special attention. Samples of fish and crab larvae need to be
analyzed quickly after thawing and need to be inspected closely for stain uptake. Other groups,
such as copepod eggs, nauplii and copepodid, can be confidently determined as live or dead with

relative ease.
Discussion

The neutral red method provides a relatively simple way to quantify carcasses (Elliott and
Tang, 2009). Two coastal upwelling zones of Humboldt Current Ecosystem were studied where
the copepod carcasses were a persistent feature in plankton samples from 2009-2015.

Neutral Red staining was found to be a robust method, broadly applicable to many taxa, and

performed well on the tested copepods. Live copepods that have taken up Neutral Red stain
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appeared bright red under the microscope, whereas dead copepods are only slightly stained or
unstained (see Fig. 1 for photos). The clear color contrast makes counting live and dead
copepods in field samples rapid and easy.

In this paper we described an improved a protocol for neutral red staining of marine
zooplankton in field samples and provided detailed guidelines for visual examination of staining
results. We verified that the method was reliable for determining live/dead zooplankton
compositions across a range of environmental conditions and for different zooplankton groups.
This advance in the staining method allows researchers to rapidly distinguishing live and dead
individuals in the field, opening the opportunity to obtain detailed quantification of copepod
carcasses. The access to quantify carcasses in field samples will also help the studies on natural
mortality of zooplankton associated with oceanographic variability. Equally important is the
observation of future studies, insights into recurring patterns of carcass abundance and
distribution within an upwelling system will allow for re-examination of past studies of the same
system where live/dead zooplankton composition was not considered. Nevertheless, a dead
copepod obviously “behaves” very differently than a live one, and understanding the fate of the

carcasses will improve our knowledge of how they can influence the ecosystem.

In this study, the neutral red method was evaluated under high productivity coastal upwelling
zones for most abundant marine zooplankton groups. The methods are mostly well suited for
copepods, the most abundant zooplankton in the coastal upwelling zone.

Here, was observed that stain uptake varies with different taxa coincidently with Omori and
Ikeda (1984) and Elliott and Tang (2009). The use of the method in environments with high
concentration of phytoplankton and zooplankton requires additional considerations. For example,

if there is a need to carefully evaluate the addition of extra 2 mL of neutral red.
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Table 1: Summary sources of samples

Number of

Date Location Nets . Funding
sampling
May — August 2009 Concepcion Multinet — Tucker 36 FONDECYT Project
trawl number 1080037

January — December 2012  Mejillones Wp -2 33 FONDECYT project
number 11090146

March — December 2013 Mejillones Wp -2 48 CONICYT
Collaborative Project
CHILE-USA No.
USA2012-0006

March 2015 Mejillones Wp -2 24 CONICYT
Collaborative  Project
CHILE-USA No.

USA2012-0006

Total 141




Table 2: Neutral red staining protocol

Neutral red staining

Stock

(i) Neutral red 0.5% p/v (1:1000) (diluting 0.5 g of neutral red powder in 1000 mL of deionized water)

(i) Formalin stock: 40% w/v

(iii) Buffered formalin stock: 0.4% w/v Sodium Acetate (NaOH, diluting 4.0 g of NaOH in 1000 ml of
40% of formalin solution)

(iv) Acetic acid (C2H402) 1M

(v) After preparation, the stock solution should be stored in the dark at room temperature in a sealed
amber borosilicate glass vial.

Staining

The collected sample should be transfer to the staining jar, and neutral red stock solution must be to add
at a volume of 2-4 mL per 500 mL of sample (that’s depend of sample concentration). After stain
addition, incubate the sample for 10 minutes. Wash with filtered sea water to remove the excess of stain.

Storage

Add 5 mL of 4% buffered formalin solution, store in the dark and process within 6 months after
collection.

Acidification

Add 0.3 mL of 1M Acetic acid (AcOH) per 15 mL of sample.

Activation time

Please, the sample should be analyzed during the limit time of 4-6 months. After that, the color of
sample could begin to fade.
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Table 3: Results of staining efficiency across the range of time and stain concentration tested for

Paracalanus cf. indicus (all copepodite and adults).

Date Depth Neutral red Stain time Activation | Comments
(m) concentration | (minutes) time (days)
(mL)
9 March 2009 80 — 40 2 20 7 Red
80 — 50 10 Weak pink
40 - 20 20 Red
40 -0 10 Weak pink
17 March 2009 | 80 — 40 2 20 15 Weak pink
80 — 50 10 Not active
40 - 20 20 Weak pink
40 -0 10 Not active
12 May 2009 80 — 50 4 10 14 Red
80 -0 Red
50 -0 Red
12 May 2009 80 — 50 2 10 14 Red
80 -0 Red
50 -0 Weak pink
2 June 2009 80 — 50 4 10 35 Red
80 -0 Weak pink
50 -0 Red
2 June 2009 80 — 50 2 10 35 Red
80 -0 Red
50 -0 Weak pink
9 June 2009 80 — 50 4 10 42 Red
80 -0 Weak pink
50 -0 Weak pink
9 June 2009 80 — 50 2 10 42 Red
80 -0 Weak pink
50 -0 Not active
16 June 2009 80 — 50 4 10 49 Red
80 -0 Weak pink
50 -0 Weak pink
16 June 2009 80 — 50 2 10 49 Red
80 -0 Weak pink
50 -0 Not active
21 August 2009 | 80 — 50 4 10 115 Red
80 -0 Weak pink
50 -0 Weak pink
21 August 2009 | 80 - 50 2 10 115 Weak pink
80 -0 Not active
50 -0 Not active
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Table 4: Results of staining efficiency test for the various zooplankton groups

Group Number of % live expected % live observed Staining

sample efficiency
Copepoda
A. tonsa 23 98.6 98.5 99.8

20 40.6 40.4 99.7

22 60.4 60.2 99.6

17 81.0 81.5 100.6
P. cf. indicus 21 70.2 70.0 99.7

21 65.8 65.7 99.8

27 100 99.8 99.8

38 67.6 67.8 100.2
Appendicularian 6 65.8 65.5 99.5

11 72.3 72.0 99.5
Ctenophores 20 75.0 71.0 94.6
Salpa 22 50.8 50.4 99.2
Chaetognatha 21 80.8 80.6 99.7
Hydromedusae 15 74.6 74.5 99.9
Siphonophora 18 78.9 78.6 99.7
Crab larvae 25 100 0 0
Fish larvae 15 100 0 0
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Figure captions

Figure 1: Appareance neutral red-treated zooplankton under a stereomicroscope (Zeiss
Discovery V8) with dark-field. Adults of copepod (A), copepod nauplii and egg (B), and the live
and dead individuals of crustacean larvae (C), Appendicularean (D), Siphonophores (E),
Chaetognatha (F), Fish larvae and eggs (H). Photo credit: Braulio Fernandez. The camera used

was a ZEISS Axiocam ERc 5s model.
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4.1.2. Predatory and non-predatory mortality in dominant copepod species in the northern

Chile (23°S) Humboldt Current Ecosystem
Articulo en preparacion
Sonia Yafez
Doctorado en Oceanografia

Universidad de Concepcion

Resumen
Las tasas de mortalidad, es un pardmetro clave en la biologia poblacional de copépodos, sin
embargo, rara vez se mide en estudios de campo y, por lo tanto, a menudo es “parametro
inferido” en los modelos de dindmica poblacional. Sumado a este problema, también existe una
falta de obsersacion de las causas de mortalidad in situ. La mortalidad depredatoria representa
una transferencia tréfica ascendente de la biomasa de copépodos, mientras que la mortalidad
no-depredatoria representa un potencial desvio de la produccion de copépodos hacia el anillo
microbiano o a flujos de sedimentacion de materia organica. Usando datos de abundancia de
copepoditos vivos y muertos, junto con la duracion de estadios y las tasas de muda, obtuvimos
tasas de mortalidad depredatoria y no-depredatoria de las tres especies principales de
copépodos marinos dentro del Sistema de Corriente de Humboldt (HCS) de Chile: Paracalanus
cf. indicus, Acartia tonsa, y Calanus chilensis, y examinamos por primera vez su relacion con
factores ambientales. Las tasas de mortalidad total aumentaron con los estadios de desarrollo en
las tres especies. Las tasas de mortalidad total de C5 fueron 3-4 veces més altas que las de C1.
En promedio, la depredacion represent6 53,7 de la mortalidad total en P. cf. indicus, 56,4% en
A. tonsa y hasta un 65,2% en C. chilensis. Mientras tanto, la mortalidad no depredadora
representa entre 34.8 al 46.3% de la mortalidad total, y esto refleja la importancia del estrés
ambiental sobre el control de la dindmica poblacional de copépodos en el HCS. Futuros ajustes
a esta aproximacion son necesarios, particularmente para estimar el tiempo de residencia de las
carcasas (t) en nuestro ambiente. NO obstante, esta aproximacion podria permitir que los
investigadores comiencen estudios de mortalidad no-depredatoria de copépodos, estimulando la

posibilidad de futuras discusiones e investigaciones sobre este topico

Palabras claves: Mortalidad no-depredatoria, carcasas de copépodos, Sistema de Corrientes de

Humboldt, Ecuacion de Belehradek
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Abstract

Mortality rate, as a key parameter in copepod population biology, is rarely measured in field
studies, and consequently it is often treated as a ‘closure term’ in population dynamics models.
Compounding this problem, there is also a general lack of appreciation of non-predatory
mortality causes in situ. Predatory mortality represents an upward trophic transfer of copepod
biomass, whereas non-predatory mortality represents a potential diversion of copepod production
to the microbial loop or sinking fluxes. Using detailed data of live/dead compositions, along with
stage durations and molting rates, we derived both predatory and non-predatory mortality rates of
the three main copepod species, Paracalanus cf. indicus, Acartia tonsa and Calanus chilensis,
within the Chilean Humboldt Current System (HCS), and examined their relations with the
environmental factors for the first time. Total mortality rates, calculated as the sum of average
predatory and non-predatory mortality rates over the two annual cycles, increased with
developmental stages in all three species. The total mortality rates of C5 were 3-4 times higher
than those of C1. On average, predation accounted for 53.7 of the total mortality in P. cf. indicus,
56.4% in A. tonsa, and up to 65.2% in C. chilensis. Meantime, non-predatory mortality accounts
for 34.8 to 46.3 % of the total mortality, and this reflects the importance of environmental
stresses in controlling the copepod population dynamics within the HCS. Further improvements
to this approach are needed, particularly for estimating carcass turnover time (t) in our
environment. Nonetheless, this approach will allow researchers to begin to study non-predatory
copepod mortality in greater details. This is a welcomed progress and would likely stimulate

further discussion and research into this topic

Keywords: Copepods mortality, Neutral red stain, copepod carcasses, VLT approach, Chilean

Humboldt Current System.
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Introduction

Mortality is one of the most critical, but poorly quantified, parameters of copepod population
dynamics (Ohman & Wood 1995). The main cause of copepod mortality is generally assumed to
be predation (Verity & Smetacek 1996), but many non-predatory factors can also cause
mortality, such as diseases (Delgado & Alcaraz 1999), parasites (Kimmerer & McKinnon 1990,
Burns 1985, Ohtsuka et al. 2004, Duffy et al. 2005), physical and chemical stresses (Carpenter et
al. 1974, Roman et al. 1993; Bickel et al. 2011), starvation (Tsuda 1994), and senescence
(Ceballos & Kigrboe 2011, Saiz et al. 2015), all of which may leave carcasses behind.
Zooplankton carcasses have been observed around the world, at times in high abundances, and
most of which are copepod carcasses (Elliott and Tang 2009, Tang et al. 2014, Yafiez et al. 2012,
2018). Indeed, a meta-analysis suggests that up to one-third of the mortality in marine pelagic
copepods cannot be explained by predation (Hirst & Kigrboe 2002).

Ignorance of carcass occurrences causes errors to many population parameters as well because
dead copepods obviously do not molt, grow or reproduce. Recent studies have shown that
ignoring even a small magnitude of carcass abundance and non-predation mortality could lead to
large errors in population growth and secondary production estimates (Elliott and Tang 2011a,
Yafiez et al. 2018). As such, proper quantification and separation of predatory and non-predatory
components of mortality is critical to a more accurate understanding of the pelagic food web. In
this regard, the recent advances in the Neutral Red staining method allow researchers to
distinguish between live and dead zooplankton in field samples, thereby providing a means to
quantify predatory and non-predatory mortalities directly (Elliott and Tang 2009;Yarfiez et al.
2012, 2018).

The Humboldt Current System (HCS) is among the most productive pelagic ecosystems,
where copepods dominate the metazooplankton communities and play an important role in the
transfer of matter and energy to the higher trophic levels (Hidalgo et al. 2010, Pino-Pinuer 2014).
In northern Chile, Mejillones Bay (23°S) is one of the most important upwelling centers within
the HCS (Marin et al. 1993). The presence of shallow cold-water masses with low oxygen
concentration (Equatorial Subsurface Water, ESSW) associated with the Oxygen Minimum Zone
(OM2Z) are present due to upwelling events that occur year-round (Marin and Olivares 1999).
The ESSW supports a high diversity of zooplankton, with at least 107 species of copepods
(Hidalgo et al. 2010), nine of which are numerically dominant (Escribano et al. 2012). The
abundance and biomass of the copepod community in Mejillones Bay are influenced by the

vertical distribution of dissolved oxygen (Yafiez et al. 2012), the upwelling intensity (Escribano
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et al. 2009, 2012), the upwelling shadow and advection (Giraldo et al. 2002). These studies
suggest that the copepods are highly sensitive to environmental variability, which is reflected by
changing abundance of copepod carcasses in the surface water of coastal areas in response to
changes in upwelling intensity that reduces or expands the oxygenated surface layer in HCS
(Yariez et al. 2012)

In this study, we used the Neutral Red staining method to measure the stage-specific live/dead
compositions of the three major copepod species (Acartia tonsa, Paracalanus. cf. indicus and
Calanus chilensis) in the Mejillones Bay over two annual cycles; from these data we then
calculated and compared their predatory and non-predatory mortality rates and examined their

relationship with the environmental conditions.

Materials and methods
Field sampling

The study was conducted in Northern Chile (Mejillones Bay) within the Humboldt Current
System (HCS). Monthly sampling was performed in 2010 and 2011 at three stations along a
coastal transect: St-1 (23° 04.2°S, 70° 25.8’W; maximum station depth (zmax) = 60 m), St-2 (23°
02.4°S, 70° 27.0°W; zmax = 90 m) and St-3 (23° 0.2°S, 70° 28.2°W; zmax = 120 m) (Fig.1). Water
temperature, salinity, and dissolved oxygen (DO) were measured at each station by autonomous
profiler SeaBird SBE-19. Water samples were collected at 10 m depth (within the mixed layer)
using a 5-L Niskin bottle, and their chlorophyll-a contents were analyzed fluorometrically
(Morales & Anabalon 2012, Anabalon et al. 2014). Intensity of upwelling was estimated by
Ekman transport using the equation described by Mann & Lazier (1991):

y
MX = —
f

Where MX is Ekman transport (m® st km?), f is the Coriolis parameter and 1y is along-shore
wind stress (Pa). ty was estimated by the following equation:

Ty = pa X cd X (vi|vi])
Where pa is air density (1.2 kg m™), cd is the empirical constant of drag coefficient (0.00014),
and vi is the along-shore wind velocity (m s). Ekman transport was averaged monthly from
daily estimates based on wind data from the meteorological station in Cerro Moreno airport
(http://164.77.222.61/climatologia/)

Copepods were collected by vertical hauls through 0-30 m during the day using a WP-2 net
(200 pm mesh and a 50-cm mouth diameter) equipped with a flowmeter. Our target copepod
species are concentrated in this upper layer and do not exhibit diel vertical migration in this
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region (Escribano et al. 2009). Upon retrieval of the net, the samples were transferred to a chilled
thermal box and immediately treated with the vital stain Neutral Red (Elliott and Tang 2009,
modified by Yanez 2009 and Yanez et al. 2012 for local conditions). Briefly, each sample was
incubated with 2-4 mL of Neutral Red stock solution (0.5% wi/v) for 10 min. Afterward, the
stained samples were concentrated and briefly rinsed with filtered seawater to remove excess
stain, then preserved in 4% neutralized formalin solution in the dark, and processed further in the
laboratory within 3-6 months. In the laboratory, the stained samples were concentrated and
briefly rinsed with filtered seawater, then acidified by 0.3 mL of 1M acetic acid to develop the
stain’s color. Under a stereo-microscope (20—40 X), the dominant copepod species Paracalanus
cf. indicus, Acartia tonsa and Calanus chilensis were counted and identified to developmental
stages. Individuals that were alive at the time of sampling appeared red, whereas dead ones

remained unstained.

Stage durations and molting rates

Calculations of mortality rate require estimates of stage durations (D; for stage i, d), which
can vary by stage, temperature, food availability and quality (Kimmerer & McKinnon 1989,
Peterson 2001, Giraldo et al. 2002, Escribano 1998, Vargas et al., 2010). In this study, stage
durations were estimated using the temperature-dependent equation of Belehradek (1935)
(equation (3) in Table S1) and the relevant environmental data from the field sampling. Details

of molting rate experiments are reported in Yariez et al. (2018).

Predatory and non-predatory mortality rates

We estimated the predatory and non-predatory components of mortality using the Vertical Life
Table (VLT) approach as modified by Elliott and Tang (2011a) by including both the abundances
of live copepods and carcasses (Table S1). In this method, both live copepods and intact
carcasses are treated as survivors of predatory mortality, but only live individuals proceed to the
next life stages. Non-predatory mortality was then calculated as the difference between total
mortality rate and predatory mortality rate. This approach was applied only to samples that

showed positive values of predatory mortality.

Statistics

Normality was tested by the Kolmogorov-Smirnov test (Zar 1984). When necessary, the data
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were log transformed (n+1) to meet the requirement of normal distribution. Seasonal and annual
differences in the oceanographic conditions, differences in stage duration and non-predatory
mortality rates among development stages and between years were tested with a two-factor
nested General Linear Model (GLM) (a = 0.05) after checking that the data met the parametric
assumptions. Pearson correlations were conducted to test for linear relationships between

parameters (a0 = 0.05).

Results
General oceanographic conditions

Oceanographic conditions for both years are summarized in Table 1. Water column
temperature ranged between 11.9 °C and 17.3 °C during the sampling period. Temperature did
not show significant seasonal differences (spring, summer, fall and winter). We found two
significantly different periods (Two samples t-test, T = 3.15, DF = 14, P < 0.05) (Table 2): a
warmer period in the summer/fall and a cold period of winter/spring months (Fig. 2a).

The water column was strongly thermally stratified, with the isotherm of 16 °C at 10 m depth
most of the time. The lowest temperature values were recorded in water deeper than 50 m. The
shoaling of the 14 °C isotherm to near 20 m between July 2010 and March 2011 and in
September 2011 was caused by intrusion of cold upwelled water into the bay.

Salinity was rather stable between 34.9 and 34.8 in both years (Fig. 2b) and without significant
changes between seasons (F23s, P > 0.05) (Table 2). Dissolved oxygen concentration showed
similar seasonal patterns between years (Fig. 2c). Dissolved oxygen concentration in the upper
10 m was at 2-6 ml O, L. The oxycline was located at 10-20 m depth, while the OMZ was
characterized by the low oxygen concentrations (< 1 ml Oz L) between 30 and 90 m. In 2010,
the average upper boundary of the OMZ (1 ml O, L) was at 22.0 + 8.8 m (n = 24) and a very
deep OMZ was observed in August. In 2011, the upper limit of the OMZ was at an average depth
of 26.0 = 17.0 m (n = 24), and was deeper than the 2010 OMZ between June and September.
Chlorophyll-a concentration showed significant statistical differences throughout the years (F2,74,
P < 0.05) (Table 2). Also, chlorophyll-a concentration at 50 m showed significant variations
during the study period (Fsss, P < 0.05) and was highly correlated to that at 10 m depth
(Spearman rank correlation, rs = 0.61, N=23, P < 0.001).

During the study period, the Ekman transport was positive most of the time,
indicating prevailing upwelling conditions (Fig. 4). Although Mejillones Bay has been
suggested as having a weak seasonality of upwelling index compared to other coastal areas
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of Chile (Sobarzo et al. 2007), it was possible to observe a seasonal cycle of significant
fluctuations (Fs08 , P < 0.05 ) (Table 2), with the strongest Ekman transport occurring in late
winter and early spring, reaching 700 m® s km™ in October 2010 and 941 m® s km™ in

September 2011, whereas the lowest values were found in the fall.

Copepod stage durations

Figure 5 illustrates development patterns for Paracalanus cf. indicus, Acartia tonsa and
Calanus chilensis. All three copepod species showed significant differences in stage duration
between stages (P < 0.05) (Table 3). For A. tonsa, a pattern different from the other patterns is
seen. P. cf. indicus closely resemble C.chilensis. Development times of three copepod species
increase with each developmental stage: development progresses with approximately equal stage
durations through the early copepodite stages (C1-C3), then slows through the fourth and/or fifth
copepodite. Higher temperatures (14—17°C) resulted in shorter individual stage durations (3-5
days), whereas lower temperatures (10-2°C) led to longer stage durations (13-15 days) (Fig. 5).

Predatory and non-predatory mortality rates

There were significant ontogenetic and temporal differences in predatory mortality rate of P.
cf. indicus, A. tonsa and C. chilensis (Table 4). The estimated predatory mortality rate of P. cf.
indicus was highest in stages C3-C5, especially in January, June and December of 2011, and
lowest in C1-C2 (February, October and December of 2010 and May and September of 2011)
(Fig. 6 a,b). The predatory mortality rate of A. tonsa had its highest value in C2-C5 in the
winter-spring period (September—December) in both years, and lowest in the summer period
(January—March) (Fig. 6 c,d). Likewise, the predatory mortality rate of C. chilensis was lowest in
the summer and fall, and was very high in stages C2-C5, especially in November (Fig 6 d, e).
Predatory mortality was positively correlated with dissolved oxygen for all three species,
negatively with chlorophyll a for A. tonsa, and negatively with temperature for C. chilensis
(Table 5).

Similarly, there were significant ontogenetic, but not temporal, differences in non-predatory
mortality rate of P. cf. indicus and C. chilensis, and the rate also varied significantly between
months in A. tonsa (Table 4). The estimated non-predatory mortality rate of P. cf. indicus was
the highest in stage C5, especially in April, July and October of 2011, and the lowest in
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copepodites C1-C2 (February, July of 2010 and August of 2011) (Fig. 7 a,b). The non-predatory
mortality rate of A. tonsa had its highest value in C1-C4 in the spring period (September—
December) in both years, and in C5 in the fall-winter period (April-July), and lowest in the
summer period (January—March) (Fig. 7 c,d). Likewise, the non-predatory mortality rate of C.
chilensis was lowest in the summer, and was high in the spring especially for C5 (Fig 7 d, e).
Non-predatory mortality was negatively correlated with dissolved oxygen (r =—0.596, P = 0.000;
r =—0.574, P = 0.000) and chlorophyll-a (r =—0.374, P = 0.000; r =-0.175, P = 0.001) in P. cf.
indicus and A. tonsa, respectively; whereas it positively correlated with temperature (r = 0.532, P
=0.002) in C. chilensis (Table 5).

Total mortality rates, calculated as the sum of average predatory and non-predatory mortality
rates over the two annual cycles, increased with developmental stages in all three species (Table
6, Fig.8). The total mortality rates of C5 were 3-4 times higher than those of C1. The partition of
mortality between predatory and non-predatory sources, however, remained rather constant
across the developmental stages for each species, with predation accounted for a larger portion of
the total mortality. On average, predation accounted for 53.7 of the total mortality in P. cf.
indicus, 56.4% in A. tonsa, and up to 65.2% in C. chilensis (Table 6, Fig.8).

Discussion

The Humboldt Current System, which includes the coastal upwelling areas off Chile, is
among the most productive marine systems (Thiel et al. 2007). Copepods dominate the
zooplankton communities within the HCS, which in turn support large fisheries in the region
(Espinoza & Bertrand 2008). Copepod population abundances within the HCS can be highly
variable (Hidalgo et al. 2010, 2012, Pino-Pinuer 2014). To understand what controls the
dynamics of the copepod populations, past studies have focused on upwelling intensity, food
availability, copepod growth and reproduction (Escribano 1998, Escribano et al. 2012, 2016),
whereas investigation of copepod mortality rates within the HCS has been lacking. To our
knowledge, the present study is the first attempt to measure mortality rates of the three major
copepod species in Mejillones Bay in northern Chile and examined their relationships with the
environmental conditions.

During this study, the chlorophyll concentration was variable but it was generally at levels not
considered to be limiting to zooplankton (Escribano et al. 2016), except in the winter months
when the water column was more well mixed and the OMZ was restricted to the deeper depths,

and when chlorophyll-a was nearly depleted. The water column was thermally stratified with low
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DO for much of the years. (Escribano et al. 2004, Ruz et al. 2015, 2017).

An interesting observation from this study is that mortality rate increased with developmental
stages in all three species. Elliott and Tang (2011a) showed that over an annual cycle in the
Chesapeake Bay, copepodite mortality rates were generally higher than naupliar mortality rates.
In Lurefjorden, Norway, where predatory copepods were abundant, the mortality rate of Calanus
spp. decreased substantially as the copepod developed through the naupliar stages, but
subsequently increased slightly between C1 and CV (Eiane et al. 2002). A similar ontogenetic
change (from nauplii to CV) in mortality rate was also observed in Calanus finmarchicus in the
North Sea (Eiane & Ohman 2004). While we do not have mortality rate data on the nauplii, the
increased mortality rates between copepodite stages seem to be consistent with the previous
studies, and suggest that the higher mortality rates in the later copepodite stages may impose a
stronger constraint on population growth. The estimated mortality rates of C1 were comparable
to the global average values (ca. 0.10-0.15 d*; Hirst & Kigrboe 2002) for the observed
temperature range, but were much higher for the later stages (up to 0.55 d). Nevertheless,
similarly high mortality rates have been reported elsewhere, such as the Chesapeake Bay (Elliott
& Tang 2010) and the English Channel (Maud et al. 2018).

Using the Neutral Red staining method and the modified VLT approach, we were able to
partition the mortality rate into predatory and non-predatory sources. Predatory mortality rates of
all three species increased linearly with developmental stages, hence body sizes (Fig. 8). For
non-visual predators such as predatory copepods and chaetognaths, their predation success is
largely limited by their gape size such that the larger copepodite sizes would offer better
protection from these predators (Pearre 1980, Yen 1983). Conversely, larger body sizes may
make the copepodites more apparent to visual predators such as planktivorous fish, which often
prefer the larger prey (Brooks 1968, O’Brien et al. 1976). Within the HCS, the major
planktivores include sardines and anchovies within the oxygenated layer (Espinoza & Bertrand
2008), which may explain the observed positive relationship of predatory mortality rates with the
copepodite stage (i.e. body size), as well as with DO in two of the three species.

Intermittent intrusion of oxygen-poor water associated with coastal upwelling is a common
feature in the region (Marin et al. 1993), which could cause episodic hypoxia and copepod
mortality (Yafiez et al. 2012, Elliott et al. 2010, 2013). In our study, low DO was associated with
high non-predatory mortality rates of P. cf. indicus and A. tonsa, consistent with earlier reports
(Yéafez et al. 2012, Ruz et al. 2015). In contrast, low DO did not have a significant effect on C.

chilensis, reflecting the latter species’ better ability to cope with low oxygen environment
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(Hirche et al. 2014, Ruz et al. 2018).

Chlorophyll concentration was negatively correlated with non-predatory mortality rates of P.
cf. indicus and A. tonsa, indicating food limitation effects. Of the three species, only A. tonsa
showed a significant, negative correlation in predatory mortality with chlorophyll-a. Both P. cf.
indicus and C. chilensis are primarily suspension feeders, whereas A. tonsa is known to switch
from suspension feeding mode to ambush feeding mode when phytoplankton concentration is
low (Kigrboe et al. 1996), and an ambush feeding mode perceivably generates stronger
hydrodynamic disturbances that may alert planktivores, leading to a higher predatory mortality
rate (Kigrboe et al. 2010).

Interestingly, temperature correlated positively with non-predatory mortality rate, but
negatively with predatory mortality rate of C. chilensis. This species is endemic to the coastal
upwelling system (Escribano & Rodriguez, 1994,1995, Escribano 1998, Torres and Escribano
2003). Increasing water column temperature reflects the weakening of the upwelling condition,
which may lead to lower food availability and thence higher non-predatory mortality rate.
Meanwhile, a less stratified condition may allow the copepod to migrate deeper diurnally to
avoid predation, resulting in lower predatory mortality rate.

Overall, the relative proportions of predatory vs. non-predatory mortality rates remain fairly
consistent across developmental stages within a species. On average, non-predatory mortality
accounts for 34.8 to 46.3 % of the total mortality. This is higher than the global average for
pelagic adult copepods (Hirst & Kigrboe 2002), but similarly high proportions of non-predatory
mortality have been observed for Calanus helgolandicus in the English Channel (Maud et al.
2018), and this reflects the importance of environmental stresses in controlling the copepod
population dynamics within the HCS (Pino-Pinuer et al. 2014, Escribano et al. 2012, Medellin-
Mora, 2016).

Conclusions

Mortality rate, as a key parameter in copepod population biology, is rarely measured in field
studies, and consequently it is often treated as a ‘closure term’ in population dynamics models
(Runge et al. 2004). Compounding this problem, there is also a general lack of appreciation of
non-predatory mortality causes in situ (Elliott et al.2010, Elliott & Tang 2011b). Predatory
mortality represents an upward trophic transfer of copepod biomass, whereas non-predatory
mortality represents a potential diversion of copepod production to the microbial loop (Tang et
al. 2006, 2009, Bickel & Tang 2010) or sinking fluxes (Sampei et al. 2009, 2012). Using detailed
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data of live/dead compositions, along with stage durations and molting rates, we derived both
predatory and non-predatory mortality rates of the three main copepod species within the Chilean
HCS, and examined their relations with the environmental factors for the first time. We showed
that non-predatory mortality rates accounted for considerable fractions of the total mortality rates
throughout the year and among all copepodite stages.

In the Southwest Pacific, climate change is expected to intensify upwelling in the HCS
(Echevin et al. 2012), with potential corresponding changes in hydrography, water chemistry,
species diversity and phenology (Hays et al. 2005). Increase in coastal upwelling events could
promote chained diatom blooms and alter the quality of food sources (Vargas et al. 2006, Poulet
et al. 2007). Strong upwelling could also promote extreme shoaling of the OMZ. The shoaling of
OMZs diminishes the extent of the usable habitat of zooplankton (Manriquez et al.2009) and
small-pelagic (Bertrand et al. 2010) that prey on zooplankton and also that have been shown to
decrease their diving depths (Stramma et al. 2011), thus possibly increasing their exposure to
predator because of their shallower distribution. Based on our present findings, these future
events will likely increase non-predatory mortality rates of the copepod populations. It is
therefore pertinent that researchers consider both predatory and non-predatory mortality causes
in order to fully understand copepod population dynamics within this important ecosystem.
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Table 1: Summary table for oceanographic variables in Mejillones bay during 2010 — 2011.

Variable 2010 2011
Mean Max. Min. SD Mean Max. Min. SD

Temperature at 10 m (°C) 13.39 1437 1262 0.72 13.19 1410 12.63 0.38
Temperature at 50 m (°C) 1455 1552 13.09 0.78 1455 1552 1331 0.77
Salinity at 10 m 34.75 3483 34.62 0.07 34.78 3483 3477 0.02
Salinity at 50 m 3480 3485 34.75 0.03 34.80 34.83 3475 0.03
Dissolved oxygenat 10 m(mL 286 542 122 1.30 0.98 3.02 000 0.99
LY

Dissolved oxygenat50 m(mL  0.47 3.02 0.00 0.98 337 124 542 122
LY

Chlorophyll-aat 10 m [mg m®] 24.03 102.0 0.60 31.22 419 10.08 093 285
Chlorophyll-aat 50 m[mg m?®] 2520 116.8 0.02 36.21 156 998 004 274
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Table 2: General Lineal Model (GLM) performed on oceanographic variables at the coastal
upwelling zone of northern Chile during 2010 — 2011.

Variable F P
Chlorophyll-a Seasons 2.77 <0.05
Years 2.74 <0.05
Ekman transport Seasons 4.08 <0.05
Years 0.28 0.626
Salinity Seasons 2.36 0.055
Years 0.24 0.626
Dissolved oxygen Seasons 6.63 <0.05
Years 0.82 0.374




Table 3: Two factor nested General Lineal Model (GLM) to test differences among months and
stages as a function of stage duration in P. cf. indicus, A.tonsa and C. chilensis at the coastal
upwelling zone of northern Chile during 2010 — 2011. * indicates significant difference at p <
0.05.

Variable Stage duration
df F P
P. cf. indicus Months 23 2.77 0.000*
Stages 4 1.73 0.000*
A. tonsa Months 23 1.18 0.000*
Stages 4 241 0.000*
C.chilensis Months 23 7.45 0.000*
Stages 4 5.78 0.000*




Table 4: Two factor nested General Lineal Model (GLM) to test differences among months and

stages as a function of predatory and non-predatory mortality rates (d*) in P. cf. indicus, A.tonsa

and C. chilensis at the coastal upwelling zone of northern Chile during 2010 — 2011. * indicates

significant difference at p < 0.05.

Variable Predatory mortality rates Non- predatory mortality rates
df F P df F P

P. cf. indicus Months 23 10.35 0.001* 23 2.18 0.140
Stages 4 21.68 0.000* 4 18.56 0.000*

A. tonsa Months 23 43.53 0.000* 23 5.69 0.000*
Stages 4 42.74 0.000* 5 12.97 0.000*

C. chilensis Months 23 11.31 0.001* 23 3.30 0.070
Stages 4 9.82 0.000* 4 421 0.002*
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Table 5: Spearman rank order correlation were run in predatory and non-predatory mortality

rates (d!) of three copepod species among oceanographic variables: temperature (T), salinity (S),

dissolved oxygen (DO) and chlorophyll-a (Chla). * indicates significant difference at p < 0.05.

Variable Predatory mortality rates Non-predatory mortality rates
T S DO Chla T S DO Chla
P.cf. indicus r 0.117 0.143 0.236 -0.099 -0.083 0.317 -0.596 -0.374
P 0.202 0.120 0.009* 0.291 0.117 0.117 0.000* 0.000*
A. tonsa r 0.132 0.074 0.352 -0.226 0.022 0.065 -0.574 -0.175
P 0.151 0.420 0.006* 0.013* 0.676 0.219 0.000* 0.001*
C. chilensis r -0.290 -0.102 0.127 0.127 0532 0.077 0.112 -0.161
P 0.001* 0.269 0.165 0.058 0.002* 0.143 0.702 0.102
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Table 6. Average prosome length (um), stage-specific total mortality rate (d™!) and its partition between predatory (PM) and non-predatory
(NPM) sources (%).

Paracalanus cf. indicus Acartia tonsa Calanus chilensis
Stage Prosome Total % PM % NPM Prosome Total % PM % NPM Prosome Total % PM % NPM
length mortality length mortality length mortality

C1 350.0 0.15 53.3 46.7 528.0 0.15 60.0 40.0 940.0 0.11 63.6 36.4
Cc2 426.7 0.18 55.6 44.4 596.7 0.17 58.8 41.2 1126.0 0.29 69.0 31.0
C3 592.6 0.24 54.2 458 657.9 0.22 54.5 455 1278.3 0.32 68.8 31.2
C4 724.7 0.35 54.3 45.7 730.0 0.32 56.3 43.7 1491.7 0.42 66.7 333
C5 844.0 0.55 50.9 49.1 8704 0.46 52.2 47.8 1812.0 0.45 57.8 42.2

avg | 53.7 46.3 avg | 56.4 43.6 avg | 65.2 34.8




Figure Captions

Figure 1: Upwelling zone off Mejillones bay (23°S) where samples were collected.

Figure 2: Oceanographic conditions (average of three station samples: a) temperature, b) salinity
and c) dissolved oxygen found off Mejillones (northern Chile) during 2010-2011.The black line
represents the isoline of 1 ml L™ (upper OMZ boundary)

Figure 3: Annual variation of phytoplankton biomass, measured as Chlorophyll-a, in the upper
50 m layer of Mejillones during 2010-2011.

Figure 4: Temporal variability of Upwelling index (m®s™ ! km™!) based on Ekman transport (m?
st km™) calculated monthly from daily estimated wind data obtained from a meteorological
station at Cerro Moreno airport in Antofagasta during 2010-2011.

Figure 5: The copepodid stage duration as a function of temperature (from Bélehradek equation)
at Mejillones bay: a) P. cf. indicus, b) A.tonsa and c) C.chilensis.

Figure 6: Changes of predatory mortality rates (d!) through year-round at Mejillones Bay: a), b)
P. cf. indicus; c), d) A.tonsa and e), f) C.chilensis.

Figure 7: Changes of non-predatory mortality rates (d*) through year-round at Mejillones Bay:
a), b) P. cf. indicus; c), d) A.tonsa and e), f) C.chilensis.

Figure 8: Total mortality rate vs. copepodite stage.
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Figure 5

Stage Durantions (days)

16

N Di = Pi/0.19 ( 4000.8 (T+7.13)-2'05)
14 g
12
10 A
8 4
6 i
Paracalanus cf. indicus
4 . T T T T T T
9 10 11 12 13 14 15 16 17
16
14 Di=Pim.19(5491.85(T+o.9s)'2'°5)
12 i .\ —e— Ci
~ @ @B
10
8 4
6 4
4 4
2 4
Acartia tonsa
9 10 11 12 13 14 15 16 17
16
14 | K'\,\ Di = Pi/0.19 (5887 (T+11)_2'05)
\K — e — 1
) o ¥ Jco
12 X
10 A
8 4
6 B
4 Calanus chilensis
9 10 11 12 13 14 15 18 17

Temperature (°C)

71



0.8

a) b)

c1 c2 C3 Clv Cy C1 c2 c3 - CIV
0.6 4

0.4

. %WWW 1 | Lo

| P. cf. indicus

S
N

o
©

JMMJIJSNIMMISNIMMISNIMMISNIMMISN JMMJSNJMMISNIMMISNIMMISNIMMI SN
C N
) C1 Cc2 C3 CIV]

A d)v«MMVW }M

C1 c2 C3 Clv CVr

|

.02/ A. tonsa

Predatory mortality rates (d'1)
o o
» (o]
Hetl |
e
a1

08 JMMJSNJIJMMISNIMMISNIMMISNIMMI SN JMMJSNJMMISNIMMISNIMMISNIMMISN

i

%

c1 c2 c3 onT cv ) ci c2 cay cv
0.6 _ - 2
| \
vl W
0.0 A i} : | e

021 C.chilensis

JMMJSNJMMISNIJMMISNIMMISNIMMI SN JMMJSNIJMMISNIMMISNIMMISNIMMI SN

2010 2011
Figure 6 Time series (years)



Figure 7

0.8

0.6 1

0.4

0.2

© o
N (=)

o
S

o
N

Non-predatory mortality rates (d'1)
o
N

0.8

0.6

0.4

0.2

0.0

o
o

0.0

a
) c1 c2 c3 CIiv cv ] b) c1 c2 c3 Clv cv
I T
l I
gt sl sfrhid o p Hl
_ Y i & |V
| P. cf. indicus '
JMMJSNJMMJISNIJMMISNIMMISNIMMISN JMMJSNIJMMISNIMMISNIMMISNIMMI SN
C) C1 C2 C3 Clv Ccv | d) C1 C2 C3 Clv Ccv
& i | T
] 7 _
- ittt A (R 211AN
| A tonsa 7
JMMJSNJMMISNIMMISNIMMISNIMMISN JMMJSNJIJMMISNIMMISNIMMISNIMMISN

Clv Ccv

QQMMM@

| C. chilensis

f)

C1 c2 Cc3 Clv Ccv

wﬂwﬁ‘mhﬁ\ﬂ M

JMMJSNJMMISNIMMISNIMMISNIMMISN

2010

JMMJSNJMMJISNIMMISNIMMISNIMMISN

2011

Time series (years)

73



06

A P .cf indicus @ A.tonsa O C. chilensis
—; 05  Y=0.097x+0.003  Y=0.077x+0.033 Y=0.081x+0.075
> R%=0.8934 R%=0.9077 R%=0.0128
5 04
[ -
>~
= | O (G}
g 03 o
S 6
e 0.2 1
5 o
5 i
2 0.1
0.0 T T T T
C1 c2 C3 C4

Copepodite stage
Figure 8



4.1.3. Copepod secondary production in the sea: errors due to uneven molting and growth
patterns and incidence of carcasses

Articulo aceptado en Progress in Oceanography
https://doi.org/10.1016/j.pocean.2018.06.008

Sonia Yafiez
Doctorado en Oceanografia
Universidad de Concepcion

Resumen

La produccion secundaria (PS) de copépodos es uno de los parametros basicos que controlan la
estructura y funcion de la cadena trofica pelagica, y es comdnmente estimada como el
incremento de biomasa acumulativa basada sobre experimentos de tasas de muda (MR). La
exactitud de este método depende de dos supuestos fundamentales: (1) No existe crecimiento ni
desarrollo inter-estadio; (2) Todos los copépodos in situ estan vivos. Nosotros desarrollamos un
estudio anual en una bahia costera dentro de Sistema de Corrientes de Humboldt con el objetivo
de evaluar los errores en estimaciones de PS cuando estos supuestos son ignorados. Las
abundancias de individuos vivos y muertos de las especies dominantes: Paracalanus cf. indicus,
Acartia tonsa y Calanus chilensis fueron muestreadas mensualmente. Simultaneamente, fueron
realizados experimentos de tasas de muda para obtener la PS de copépodos. Una ecuacion
modificada de MR fue utilizada para corregir errores en la estimacion de produccién secundaria
asociada al supuesto (1). Ignorar los supuestos fundamentales provoco un error en la estimacion
de produccion secundaria, més severamente en P. cf. indicus. El error no fue igualmente
distribuido a traves de los meses, y en el caso de C. chilensis, este fue cambiando entre sobre y
sub- estimaciones, repetidamente. EI promedio anual fue -39,2% en P. cf. indicus, 3,1% en
A.tonsa, y 5,2% en C.chilensis. Los errores también variaron en magnitud y signo a través de los
estadios de desarrollo, con algunos estadios con un error de un 70% sobrestimado. Para algunas
especies de copépodos con tiempos generacionales cortos, aunque el error sea pequefio, este se

podria propagar y resultar en proyecciones de produccion secundaria altamente sesgadas. Por lo
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tanto, para obtener estimaciones de produccion secundaria es necesario una cuidadosa
evaluacion de la duracion de estadios y crecimiento entre estadios al aplicar el método de MR, y
la cuantificacion de individuos muertos en terreno.

Palabras claves: Produccion secundaria, copépodos, mortalidad no-depredatoria, carcasas,
método de rojo neutro, surgencia costera
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ARTICLE INFO ABSTRACT

Keywords: Secondary production of copepods is one of the basic parameters that govern the structure and function of the
Secondary production marine pelagic food web, and it is commonly estimated as cumulative biomass increase through consecutive
Copepods molting based on short-term molting rate (MR) incubation experiments. The accuracy of the method depends on
g:::::s:mry mortality two underlying assumptions: (1) Even stage duration and inter-molt growth; (2) All copepods in situ are alive. We

conducted a year-long study in a coastal bay within the Humboldt Current System to assess the errors in copepod
secondary production estimation when these assumptions are violated. Abundances of live and dead individuals
of the dominant species: Paracalanus cf. indicus, Acartia tonsa and Calanus chilensis were measured monthly.
Concurrent molting rate experiments were conducted to derive copepod secondary production. A modified MR
formulation was used to correct the secondary production estimates for error in assumption (1), and the live/
dead copepod data were used to correct the estimates for error in assumption (2). Violation of the underlying
assumptions caused error in secondary production estimation, most severely in P. cf. indicus. The error was not
evenly distributed across the months, and in the case of C. chilensis, it switched between over- and under-
estimation repeatedly. The annual average error was —39.2% in P. cf. indicus, 3.1% in A. tonsa, and 5.2% in C.
chilensis. The errors also varied in magnitude and in sign among developmental stages, with some stages yielding
nearly 70% over-estimation. For copepod species with short generation times, even small errors could quickly
propagate and result in highly skewed secondary production projection. Reliable secondary production mea-
surements therefore require careful assessment of species-specific stage duration and between-stage growth
when applying the MR method, and quantification of stage-specific live and dead individuals in the field.

Molting rate method
Coastal upwelling

1. Introduction

The population dynamics of copepods—the dominant metazoan
zooplankton—is  governed by three fundamental processes:
Reproduction, growth, and mortality. Of these, reproduction is the most
frequently measured as egg production by adult copepods (Mauchline,
1998). Somatic growth of adult copepods is often assumed to be neg-
ligible, whereas growth of younger stages can be challenging to mea-
sure, and in the absence of relevant data, it is often (incorrectly) as-
sumed to be equal to adult reproduction rate (Hirst and Bunker, 2003).
As the younger stages develop, they molt and increase somatic mass
between stages. This characteristic allows scientists to conduct short-
term incubation experiments and measure molting and biomass change
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between consecutive stages, from which they derive the growth
rate—this is the commonly used molting rate (MR) method for esti-
mating copepod secondary production (Runge et al., 1985; Kimmerer
and McKinnon, 1987). Theoretical study and meta-analysis of literature
data, however, suggest that the MR method is subject to errors when
researchers fail to account for uneven stage duration and uneven so-
matic growth between stages (Hirst et al., 2005, 2014). Nevertheless,
direct evaluation of errors associated with the MR method in the field
has not been attempted.

The final parameter, mortality, is perhaps the least constrained in
copepod population dynamics (Runge et al., 2004). Traditional research
for convenience assumes that mortality is driven solely by predation
and therefore can be derived from changes in population abundances. A
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corollary to this practice is that field sampling simply ignores the live/
dead status of the animals. It is, however, illogical to believe all cope-
pods in situ are alive. Copepods and other zooplankton can suffer non-
predation mortality that leaves behind carcasses (Tang et al., 2014). A
meta-analysis of literature data suggests that up to one-third of in situ
copepod mortality cannot be explained by predation (Hirst and
Kigrboe, 2002). Ignorance of carcass occurrences also causes errors to
other population parameters because dead copepods obviously do not
molt, grow or reproduce. A modelling study showed that ignoring even
a small magnitude of carcass abundance and non-predation mortality
could lead to unrealistic projection of population growth (Elliott and
Tang, 2011).

Here we report a year-long field study where we measured and
compared the secondary production of different copepod species, and
assessed the errors due to uneven molting and growth patterns and
occurrence of carcasses. Our results showed that error in secondary
production estimation varied among co-existing species, and switched
between over-and under-estimation according to months or develop-
mental stages. Reliable secondary production measurements therefore
require careful assessment of species-specific stage duration, between-
stage growth and stage-specific live/dead composition in the field,
especially for species with a short generation time.

2. Materials and methods
2.1. In situ live/dead copepod compositions

The study was conducted in northern Chile (Mejillones Bay) within
the Humboldt Current System (HCS). This region is known for its active
and intermittent coastal upwelling (Marin et al., 1993) that brings in
shallow, oxygen-poor cold water masses associated with the Oxygen
Minimum Zone (OMZ) (Marin and Olivares, 1999), and supports high
levels of primary production (Daneri et al., 2000) and fish yield (Alheit
and Bernal, 1993; Arcos et al., 2001).

Its metazooplankton community is dominated by copepods (Hidalgo
et al.,, 2010; Escribano et al.,, 2012; Pino-Pinuer et al., 2014). Monthly
sampling was performed in 2010 at three stations along a coastal
transect: St-1 (23°04.2’S, 70°25.8'W; maximum station depth
(Zmax) = 60m), St-2 (23°02.4'S, 70°27.0'W; Zmax = 90m) and St-3
(23°0.2'S, 70°28.2'W; Zmax = 120 m), Water temperature, salinity, and
dissolved oxygen (DO) were measured at each station by an autono-
mous profiler SeaBird SBE-19. Water samples were collected at 10 m
(within the mixed layer) using a 5-L Niskin bottle, and their chlor-
ophyll-a contents were analyzed fluorometrically (Morales and
Anabalon, 2012; Anabalén et al., 2014).

Copepods were collected by vertical hauls through 0-30 m during
the day using a WP-2 net with a non-filtering cod (200 pm mesh and
50-cm mouth diameter) equipped with a flowmeter. Our target copepod
species are concentrated in this upper layer and do not exhibit diel
vertical migration in this region (Escribano et al., 2009). Upon retrieval
of the net, the samples were transferred to a chilled thermal box and
immediately treated with the vital stain Neutral Red (Elliott and Tang,
2009; modified by Ydnez (2009) and Yanez et al. (2012) for local
conditions). Briefly, each sample was incubated with 2-4 mL of Neutral
Red stock solution (0.5% w/v) for 10 min. Afterward, the stained
samples were concentrated and briefly rinsed with filtered seawater to
remove excess stain, then preserved in 4% neutralized formalin solution
in the dark, and processed further in the laboratory within 3-6 months.
In the laboratory, the stained samples were concentrated and briefly
rinsed with filtered seawater, then acidified by 0.3 mL of 1 M acetic acid
to develop the stain’s color. Under a stereo-microscope (20-40 x ), the
dominant copepod species Paracalanus cf. indicus, Acartia tonsa and
Calanus chilensis were counted and identified to developmental stages.
Individuals there were alive at the time of sampling appeared red,
whereas dead ones remained unstained.
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2.2. Molting rate experiments

Molting rate experiments were conducted with the three dominant
copepod species in the region: P. cf. indicus, A. tonsa, and C. chilensis.
Copepods were collected by oblique tows of a WP-2 net with a non—
filtering cod end from the upper 50m at St-2 and St-3. The samples
were immediately diluted in seawater and transported to the laboratory
within 1-2h. Additionally, seawater was collected with Niskin bottles
at 10 m for the incubation. Upon return to the laboratory, live copepods
were sorted by stage. Thirty individuals of each copepodid stage were
randomly selected to measure prosome length, mean dry mass, carbon
and nitrogen contents.

To determine mass-at-entry and mass-at—exit of each stage, stage
C4, C5 and adult male and adult female individuals were each in-
cubated in 23 um-filtered seawater in 500 mL containers. A total of 45
individuals of C4, 40 C5, 80 adult male and 80 adult female were in-
cubated at 15 °C for 24 h. Afterward, the animals were checked for stage
and condition; those that had molted to the next stage were measured
for prosome length, dry mass, carbon and nitrogen contents.

To set up the molting rate experiments, copepods were sorted in a
temperature-controlled room set at near in situ temperature at 10-m
depth. Groups of 10 individuals for each copepodid stage, in triplicate,
were incubated in 200 mL vials containing 23-pm filtered seawater.
Every 24 h, the initial stage, subsequent stage, molts and carcasses were
counted. Dry masses of C1 and C2 were calculated from body lengths
based on published conversion factors (Chisholm and Roff, 1990 for P.
cf. indicus and A. tonsa; Fscribano, 1998 for C. chilensis). For C3, C4 and
C5 stages, dry masses were measured on a Cahn C-32 microbalance
(0.001 mg precision) after being dried at 60 °C for 24 h; body C and N
contents were measured with a Thermo Scientific Flash EA 1112 HT
Elemental Analyzer at the Universidad de Concepcion. We present all
masses as geometric means for the specific stages. In total, we con-
ducted 29 experiments with P. cf. indicus in February, March, and April;
42 experiments with A. tonsa in February, April, August, September,
and November, and 31 experiments with C. chilensis in August and
September,

2.3. In situ copepod live/dead abundances

The mesh size we used was not appropriate for capturing the small
nauplii; therefore, we only presented the data for copepodid stages (C1
to adult). To account for possible under-sampling of the small cope-
podid stages with the 200 um mesh, we derived correction factors by
comparing the abundances of all stages of each species caught by a
200 um mesh vs. a 100 pm mesh (see Egs. (1) and (2) in Table 1; also
Supplementary Material). Additionally, abundances were examined
with a sensitivity analysis to assess their effect on the estimates of
secondary production. The model responds accurately despite variation
in the correction factor (between low and high values), suggesting it isa
robust model (Fig. S1 in Supplementary Material). Then we applied the
correction factors only for C1-C3 of Acartia tonsa and Paracalanus cf,
indicus, and C1 and C2 of Calanus chilensis, as there were no differences
between mesh sizes for the later stages (Tables S1 and S2 in Supple-
mentary Material).

2.4. Secondary production calculations

Secondary productions of the three copepod species were calculated
in different ways (Table 1). Firstly, we used the conventional MR
equations to calculate the stage-specific secondary production, and the
summation of all stages in each month gave the monthly secondary
production for each species (NSPygr). Next, we used the modified MR
equations of Hirst et al. (2005) to calculate the monthly secondary
production (NSPy) by accounting for uneven stage duration and uneven
between-stage growth. Lastly, we corrected both secondary production
estimates by accounting for the occurrence of carcasses (CSPyg and
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Table 1
Parameters and formulations for calculating copepod secondary production.
Parameter Symbol Unit Note
Molting rate MR d! Stage-specific MR is indicated by subscript
Number of individuals in molting rate experiment N Consecutive stages are indicated by subscripts i and i + 1
Time T h
Mean weight of stage i Wi mg
Mean weight of stage i + 1 Wiss mg
Total biomass in situ B; mg Cm? No differentiation of live and dead individuals
Biomass of live individuals in situ Bia mg Cm 2
Numerical abundance in situ n; m~? No differentiation of live and dead individuals
Numerical abundance of live individuals in situ N, m~?
Abundances Correction Factor CFny no unit Abundances of dead individuals
Abundances Correction Factor CFny, no unit Abundances of live individuals
Stage-specific growth rate estimated from MR method 8imr d-!
Non-corrected secondary production from MR method NSPpz mgCm 2d! No differentiation of live and dead individuals
Corrected secondary production from MR method CSP mgCm 2d! NSPyg estimates corrected for occurrence of carcasses
Proportion of animals which molted during incubation M Stage-specific M is indicated by the subscript i
Incubation period L d
Stage duration D d! Calculated as D = 1/MR
Mortality rates during incubation B d! Calculated from proportion of carcasses according to Flliott and Tang (2011);
stage specific B is indicated by subscript i
Actual development time of stage i Di qcnat d! Caleulated from stage-specific B; and M,
Actual development time of stage i + 1 D+ 1_aciuat d-! Calculated from stage-specific B, ;, and My, ,
Geometric mean weight of stage i W, mg Including the weight of molt lost between stages
Geometric mean weight of stage i + 1 Wiss mg Including the weight of molt lost between stages
Growth rate g; from the mid-point of stages i to i + 1 8Bi—i+1 d! For C1-C4 stages
Growth rate g; calculated based on Wi enmry and Wi ey Licor d! For C5 where the following stage (i + 1) does not molt (Hirst et al., 2005)
Mass at entry Wienmy mg Arithmetic mean weights at point of entry to C5
Mass at exit Wi exie mg Arithmetic mean weights at point of exit from C5
Non-corrected secondary production from modified MR~ NSPy mgCm~2d~" No differentiation of live and dead individuals
method
Corrected secondary production from modified MR CSPy mgCm 2d! NSPy, estimates corrected for the occurrence of carcasses
method
Calculations of correction factor
CF, = Mitom) (1)
Ai(2000m)
CFa= "i_a(1000m) 2)
- _a (200m)
Calculations of secondary production
MR method (NSPyp) (Runge et al., 1985; Kimmerer and McKinnon, 1987)
MR = (Nﬁ{‘hn) . (3)
N!
& mr = '“( Wfél) x MR @
N (5)
B = X (Wn)) x 0.4 where 0.4 is the factor to convert dry weight to carbon (Escribano et al. 2007,
i=1
2016)
(6)

N
NSPyp = 2, (Bigi_y)
i=1

MR method corrected for carcasses (CSPyg). To correct NSPyy for the occurrence of carcasses, Eqs. (3) and (4) are changed to

N
B o= 3% (Winia) X 04
i=1

N
CSPyr = % (Bi a8 mg)

i=1
Modified MR method (NSPy) (Hirst et al., 2005)
M = exp(—pD)[exp(L)-1]/[1—exp(—AD)]
Dy acuat = In{1 + [exp(BL)-1)/Mi}/f;

W
Binis1 = IH(TT,,‘] = [(Di_actuat + Dis1_actual)/2]

.
8o = In( M5 ) x

i

N
Bi= % (Win)x04
i=1
N
NSPy = ¥ (Big)
i=1

@)

(8)

(9

(10)
an
(12)

(13)

(14)

Modified MR method corrected for carcasses (CSPy). To correct NSPy for the occurrence of carcasses, Eqs. (11) and (12) are changed to

.
B o= 3 (Win_g) x04

i=1

N
CSPy = 3, (B ag)

(15)

(16)
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Fig. 1. Oceanographic conditions off Mejillones Bay, northern Chile, in 2010 (average of three stations): (a) Temperature, (b) Salinity and (c) Dissolved oxygen.

CSPy).
2.5. Statistics

Normality was tested by the Kolmogorov-Smirnov test (Zar, 1984).
When necessary, the data were log transformed (n + 1) to meet the
requirement of normal distribution. Spatial (by stations) and temporal
(by months) differences in the abundances of live and dead copepods
were compared by ANOSIM pairwise comparisons. Seasonal growth
rates (all stages combined) were grouped into Spring/Summer season
(September-March) and Autumn/Winter season (April-August), and
were then compared by t-test. Stage-specific growth rates (all months
combined) were compared by ANOVA followed by Tukey’s post-hoc
test.

3. Results
3.1. General oceanographic conditions

The water column was thermally stratified except between July and
September (Fig. 1a). The depth-average temperature ranged from 12.5
to 13.5 °C. Slightly less saline water masses were present in the upper
40 m for parts of the year (Fig. 1b). The depth-average salinity was
34.7-34.8 across the three stations. Well-oxygenated water was mostly
limited to the upper 20 m (Fig. 1c). The upper limit of the OMZ (defined
by DO = 1 mL O, L") was at ca. 20 m during most of the year, except
in August and November when it descended to =40 m, coinciding with
the weakening of thermal stratification and intrusion of less saline
waters. Chlorophyll-a concentrations within the mixed layer were
considerably higher in the austral summer/autumn months than in the
winter/spring months, opposite to the DO trend (Fig. 2).
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3.2. In situ copepod live/dead abundances

There were significant spatial, but not temporal, differences in live
copepod abundances of P. cf. indicus, and the opposite for A. tonsa and
C. chilensis (Table 2). The abundances of live copepods were generally
higher closer to shore (St-1 and St-2) than offshore (St-3). Copepod
carcasses were present throughout the year for all three species, and at
times were comparable or even exceeding live copepod abundances
(Figs. 3-5). Contrary to live individuals, carcass abundances varied
significantly between months, but not between stations for P. cf. indicus,
and the opposite for A. tonsa and C. chilensis (Table 2). Carcasses of P.
cf. indicus were dominated by the younger copepodites (C1-C3), and
their percentages peaked in April and July/August. A. tonsa carcasses
showed peak percentages in April and August, and were dominated by
older stages (C4-adult). In contrast, C. chilensis carcasses showed peak
percentages in June and October, consisting of mostly C1-C4, and a
smaller November peak of adult carcasses.

3.3. Copepod molting and growth experiments

The stage duration ranged between 2.1 and 16 d for the different
copepodid stages (C1-C5) of P. cf. indicus, whereas it was 1.2-10 d for
A. tonsa, and 1.2-8 d for C. chilensis. None of the copepod species
showed significant seasonal differences in growth rates (P > 0.05)
(Table 3). Stage-specific growth rates of P. cf. indicus, A. tonsa and C.
chilensis ranged from 0.15 to 0.23 d ™, 0.14 to 0.20 d~' and 0.10 to
0.27 d7 ', respectively (Table 3). Only C. chilensis showed significant
variations in stage-specific growth rates (P = 0.008), caused by the
significantly higher growth rate in C4 (Table 3).
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Fig. 2. Chlorophyll-a (at 10 m) and average DO (0-30m) at St-1, 5t-2 and St-3 in different months during this study.

Table 2

ANOSIM pairwise comparisons of abundances of live and dead individuals of
Paracalanus cf. indicus, Acartia tonsa and Calanus chilensis at different stations
and months in the Mejillones Bay during 2010. r value is the strength of the
factors on the samples (number of levels in each factor as stations = 3,
Months = 12.

Source of variance P. cf. indicus A. tonsa C. chilensis
Live Dead Live Dead Live Dead
Stations r 0.643 -0.029 0047 -0.059 0.002 -0.015
p 0.001 0.828 0.143  0.057 0.410  0.634
Months r —0.155 0.328 218 0.244 0.357 0.480
p 0.960 0.001 0.006  0.011 0.010°  0.010°

* Significant difference atp < 0.05.
3.4. Secondary production estimations

The estimated secondary production (sum of all stages; averaged
across the three stations) of P. cf. indicus showed the highest value in
February and the lowest value in September (Fig. 6a). The production
of A. tonsa had its highest value in March and lowest in July, whereas
the production of C. chilensis was concentrated in the autumn-winter
period (May-August) (Fig. 6b, ¢). The modified MR method produced
substantially different secondary production values for P. cf. indicus
(6a), and the CSPy; values were 33-96% higher than CSPyg. In contrast,
the CSPy; values were comparable to CSPyy for A. tonsa (within 1-13%)
and C. chilensis (within 1-20%; Fig. 6b, c).

Presence of carcasses introduced relatively small errors to the con-
ventional MR method (CSPyp vs. NSPyy) and lowered the estimation by
an average of 2.3% (P. cf. indicus), 0.8% (A. tonsa) and 2.6% (C. chi-
lensis) (data not shown). Likewise, presence of carcasses led to an
average of 0.7-3.7% discrepancy between CSPy; and NSPy (data not
shown).

By considering CSPy; as the “true” secondary production values, we
estimated the error associated with conventional MR method as
[(NSPyr — CSPy)/CSPy;] X 100% (Table 4). The error was negative
(i.e. underestimation) for P. cf. indicus throughout the year, with a mean
of 39.2% (SD 6.6%). The error was small and consistently positive for A.
tonsa (mean * SD; 3.1 * 2.8%). In contrast, the error switched sign
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repeatedly for C. chilensis, and was concentrated in January, July and
November (mean * SD; 5.2 + 14.9%) (Table 4).

Similarly, we calculated the stage-specific production and examined
how the error was distributed among the different stages (Fig. 7a,b,c).
For P. cf. indicus, most of the error was associated with C1, C5 (ca.
+65%) and C4 (—56%). For A. tonsa, the error was concentrated in C4
and C5 (+61 to +69%). The largest error for C. chilensis was found in
C2 (+66%), followed by C3 (+48%) and C4 (—38%).

4. Discussion

The HCS, as a part of the larger upwelling system off the west coast
of South America, is a well-known, highly productive area for sardines
and anchovies, which in turn support many predatory fish and bird
species (Thiel et al., 2007). As both sardines and anchovies rely on
zooplankton for food (Espinoza and Bertrand, 2008); much research
effort has been dedicated to measuring the compositions, abundances,
growth and production rates of the zooplankton, including copepods,
within the HCS.

The water column of Mejillones Bay was characterized by thermal
stratification and low DO for much of the year, except in winter months
when the water column was more well mixed and the OMZ was re-
stricted to the deeper depths, and when chlorophyll-a was nearly de-
pleted. Previous studies have shown that changes in upwelling intensity
(Escribano et al.,, 2012), the presence of thermal fronts, upwelling
shadows acting as retention areas (Marin et al,, 1993; Giraldo et al.,
2002), and a shallow OMZ could aggregate and increase copepod di-
versity in the food-rich photic zone (Hidalgo and Escribano, 2008;
Hidalgo et al., 2010). These factors, in addition to seasonal changes in
food concentrations, affect the growth and development of copepods
(Escribano, 1998; Poulet et al., 2007), and may explain the high tem-
poral and spatial variabilities in copepod abundances in this study.

In past studies, copepod growth rates were estimated by fitting dry
weight data to an exponential growth model (Escribano et al., 1997);
alternatively, the MR method was used to resolve stage-specific growth
rates (Vargas et al., 2007). The so-estimated growth rates were then
applied to in situ biomass data to derive secondary production
(Escribano and McLaren, 1999; Vargas et al., 2007). These and other
approaches, however, suffer a fundamental oversight by ignoring the in
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Fig. 3. Abundances of live and dead copepodid stage C1, C2, C3, C4, C5, and adults (Ad) of Paracalanus cf. indicus at the three stations in different months.

situ live/dead status of the copepods. It remains a common practice in
field sampling where scientists simply preserve and count all copepods
as ‘live’ (Harris et al., 2000). This has been partly due to the lack of
methods for identifying live and dead individuals in the samples, and
partly due to the ingrained perception that copepods only die of pre-
dation in the field (Hirst and Kiorboe, 2002). Recent advances in
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staining methods for distinguishing between live and dead individuals
in field samples open the opportunities to make detailed quantification
of copepod carcasses in the HCS, as well as to access the error they
introduce into the secondary production estimation.

The total abundances of the three copepod species were higher
closer to shore, similar to earlier observations (Escribano and Hidalgo,
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Fig. 4. Abundances of live and dead copepodid stage C1, C2, C3, C4, C5, and adults (Ad) of Acartia tonsa at the three stations in different months.

2000; Giraldo et al., 2006). The abundances of both live and dead co-
pepods varied considerably across stations, months and stages, re-
flecting the highly dynamic and heterogeneous environments in the
region (Escribano, 1998; Giraldo et al., 2002; Escribano et al., 2012).

263

Elliott and Tang (2009, 2011) observed higher percentages of carcasses
and higher non-predation mortality rates in nauplii than in the older
stages. Although we did not include nauplii in this study, we also found
that the high carcass percentages were principally composed of young
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Fig. 5. Abundances of live and dead copepodid stage C1, C2, C3, C4, C5, and adults (Ad) of Calanus chilensis at the three stations in different months.

copepodites, suggesting that the younger stages were more susceptible 1993), which could cause episodic hypoxia and copepod mortality, si-

to environmental stresses in this dynamic region, one of which could be milar to other studies (Yanez et al., 2012; Elliott et al., 2010, 2013).

the low DO. Intermittent intrusion of oxygen-poor water associated Copepod carcasses are not necessarily lost from the food web. Some

with coastal upwelling is a common feature in the region (Marin et al., of them can be eaten by planktivores (Elliott et al., 2010), or be
264
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Table 3
Summary of seasonal and stage —specific growth rates (g; d~") (mean + SD) of Paracalanus cf. indicus, Acartia tonsa and Calanus chilensis. (n = number of mea-
surements).
P. cf. indicus A. tonsa C. chilensis
Spring/Summer 0.21 * 0.07 (n = 140) 0.12 * 0.06 (n = 60) 0.21 * 0.05 (n = 60)
Autumn/Winter 0.20 = 0.07 (n =150) 0.18 = 0.10 (n = 260) 0.21 = 0.08 (n = 250)
C1 0.22 = 0.02 (n = 30) 0.20 = 0.01 (n = 30) 0.22 = 0.08 (n = 50)
c2 0.19 %= 0.06 (n = 30) 0.16 = 0.03 (n = 30) 0.10 = 0.05 (n = 40)
Cc3 0.21 = 0.07 (n =100) 0.14 = 0.03 (n = 60) 0.18 = 0.05 (n = 50)
c4 0.23 = 0.06 (n = 60) 0.15 = 0.06 (n =180) 0.27 = 0.07 (n=70)
C5 0.15 = 0.01 (n =70) 0.17 = 0.04 (n =120) 0.19 % 0.06 (n =100)
1000 —
a) Paracalanus indicus Table 4
AN - Errors in secondary production estimates. By considering CSPy; as the “true”
g 4 / .\0‘--»‘ /T_j i secondary production values, we estimated the error associated with conven-
1001 & ‘. * \ / tional MR method as [(NSPy — CSPy;)/CSPy;] X 100%. Negative and positive
Y values represent the underestimated and overestimated secondary production,
10 respectively.
Paracalanus cf. indicus Acartia tonsa Calanus chilensis
1 csP, January —46.3 12 149
February -31.6 1.7 -0.5
4 CSPye March —34.9 15 6.2
— 0.1 April —22.6 6.2 —-4.4
‘T> ' May -37.0 4.0 -36
© June —43.8 1.2 6.6
B 1000 - July —43.0 11 16.9
N ; h : .
'E b) Acatrtia tonsa August 421 0.8 54
(@) September -27.9 2.8 -5.5
D 100 - October -357 1.9 -7.8
E November -50.4 5.1 452
c December —43.1 10.1 0.1
o /
bt 10 - / Mean -39.2 3.1 5.2
3 / S.D. 6.6 2.8 14.9
© /
o /
a 1 4 o CSPy
Faad 4 CSPys While the MR method has been widely used to estimate secondary
8 production (Runge and Roff, 2000), it is not without flaw (Rey-Rassat
g o1 = et al., 2002; Hirst et al., 2005, 2014). In this study, we quantified the
8 errors in secondary production caused by the negligence of uneven
© 1000 - c) Calanus chilensis stage duration and uneven between-stage growth, and the failure to
5 differentiate live vs. dead copepods. Overall, our calculated range of
e . .
100 - / \ errors based on field data was comparable to that derived from litera-
ture meta-analysis (Hirst et al., 2005, 2014). More importantly, our
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Fig. 6. Secondary production estimates and stage-specific errors for Paracalanus
cf. indicus (a), Acartia tonsa (b), and Calanus chilensis (c). CSPyjy is secondary
production estimates (sum of all stages; averaged across stations) based on
conventional MR method after correction for carcasses. CSPy is secondary
productions based on modified MR method after correction for carcasses.

incorporated into the microbial food web (Tang et al., 2009; Bickel and
Tang, 2010), with the remainder contributing to the sinking flux
(Sampei et al., 2009, 2012; Ivory et al., 2014). Nevertheless, a dead
copepod obviously “behaves” very differently than a live copepod, and
understanding the fate of the carcasses will improve our knowledge of
how they influence the ecosystem. More importantly, because dead
individuals do not contribute to population growth, appropriate cor-
rections are required for secondary production estimation.
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results showed that both the extent and sign of the error varied among
the co-existing copepod species, and it was an order of magnitude
higher in P. cf. indicus than in A. tonsa and C. chilensis (Table 4). P. cf.
indicus is highly abundant throughout the HCS and plays major roles in
the region’s ecology (Escribano et al., 2012, 2016; Pino-Pinuer et al.,
2014). This species is more likely to contribute carcasses than the other
species, providing their greater abundance and potentially higher
mortality. P. cf. indicus may rapidly respond to environmental varia-
tions (e.g. increased growth and development rates), and thus in-
creasing the non-predatory mortality, as we observed in this study with
the presence of carcasses. Our findings suggest that the secondary
production estimation of this species is particularly error-prone, and
extra caution is required when considering the regional food web dy-
namics and fisheries involving this species. The average errors for A.
tonsa and C. chilensis, despite their lower values, are still important for
consideration because even a small initial error, when propagating
through generations, would result in a large error over time (Elliott and
Tang, 2011). This is particularly important for copepod species with
short generation times, such as those in the HCS (Hidalgo and
Escribano, 2008; Escribano et al., 2014). Equally important is the ob-
servation that, within species, the error distribution was not uniform
across months or across stages (Table 4, Fig. 6). Knowing when and
where most of the error occurs may help scientists to design more
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appropriate sampling and modelling strategies to minimize bias.

The Southwest Pacific region is strongly influenced by El Nino
Southern Oscillation (ENSO). It is expected that climate change will
intensify upwelling within the HCS (Echevin et al., 2012), with corre-
sponding changes in hydrography, water chemistry, species diversity,
and phenology (Hays et al., 2005). The potential increase in coastal
upwelling events could promote blooms of chained diatoms that ad-
versely affect the food supply for copepods (Vargas et al., 2006; Poulet
et al., 2007). Stronger upwelling may also increase the shoaling of the
OMZ and intensify hypoxia-related stresses. These projected changes
may all lead to increasing incidents of non-predation mortality among
the copepods. In future studies, efforts should be made to differentiate
and quantify live and dead copepods in situ, and apply the appropriate
corrections when estimating secondary production.

5. Conclusion

Copepod secondary production is a key parameter in ecology
linking primary production to fishery yield, but reliable measurement
of it remains challenging. This study used the first detailed quantitative
data set of copepod live/dead compositions within the Chilean HCS,
along with molting rate measurements, to evaluate errors associated
with copepod secondary production estimation. We showed that (1)
copepod carcasses were ubiquitous in the region; (2) without proper
corrections for uneven molting and growth patterns and carcass oc-
currence, there could be substantial errors in secondary production
estimation; and (3) the magnitude and sign of the errors varied among
months, species, and life stages; (4) carcass presence resulted in a re-
latively small % error when compared to choice of models (MR vs H),
but even small % error caused by the ignorance of live/dead compo-
sition may lead to a large error in production projection (Elliott and
Tang, 2011), especially for species with a short generation time.
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4.2. CAPITULO 2: Degradacion y composicion bacterianan de carcasas de copépodos en
aguas de bajo contenido de oxigeno: potenciales impactos en el ciclodel Ny C

4.2.1. Bacterial community and decomposition of copepod carcasses associated to

oxic and anoxic conditions

Articulo en preparacion
Sonia Yafiez

Doctorado en Oceanografia
Universidad de Concepcion

Resumen

Los copépodos marinos forman uno de los grupos mas abundantes del zooplancton en los
océanos Yy han sido relacionados con varios grupos de diferentes especies de bacterias. Desde
experimentos de laboratorio, nosotros seguimos el curso de la degradacion de carcasas del
copépodo marino Acartia tonsa. En condiciones 6xicas, la degradacion del cuerpo de los
copépodos comenzo rapidamente hasta las 18 hrs de incubacion, luego entre 18-24 hrs esta se
observo relativamente estable, y se incremento lentamente, alrededor del 20 % del cuerpo de las
carcasas fue observado en las ultimas 6 horas de incubacion. En contraste, el proceso de
degradacion fue mucho més lento en condiciones andxicas durante las primeras 18 hrs, luego
este incrementd enormemente y mas del 50% del cuerpo fue degradado alrededor de las 24 hrs,
asi continlo aumentando rapidamente durante las Gltimas 6 horas de incubacion. Distintas
comunidades bacterianas fueron observadas entre los diferentes tratamientos desde los
experimentos de degradacion, ademéas de cambios y sucesién de estas comunidades a través de
ambas incubaciones. Usando la secuenciacion masiva lllumina del gen 16S fueron identificados
los miembros de la comunidad bacteriana asociada a la degradacién de carcasas del copépodo
marino A.tonsa. Desde los analisis filogenéticos, podemos concluir que las carcasas de A.tonsa
estan asociados con tres phyla: Proteobacteria, Bacteroidetes y Verrucomicrobia. Vibrionaceae,
Pseudoalteromonadaceae, Rhodobacteraceae, Flavobacteriaceae and Verrucomicrobiaceae

fueron las familias de bacterias mas abundantes. Mientras que, la presencia de genes marcadores
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de desnitrificacion nirK y nosZ, (produccion N2 y N2O, respectivamente) fueron encontrados
bajo condiciones andxicas, principalmente asociados con el estadio final de degradacion.
Entonces, la investigacion de carcasas de copépodos asociados a bacterias es importante debido
a la funcion de estas carcasas y su degradacion bacteriana como hotspots pelagicos que tienen
implicancias biogeoquimicas en el ciclo del nitrogeno, a través de la desnitrificacion. Sin
embargo, se requieren mas estudios para evaluar cuantitativamente la contribucion de estas

comunidades a los ciclos biogeoquimicos globales.

Palabras claves: Carcasas de copépodos, degradacion bacteriana, comunidad bacteriana,

Illumina secuenciacion masiva, genes funcionales, ciclos biogeoquimicos.
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Abstract

Marine copepods form one of the most abundant mesozooplankton groups in the oceans
and are associated with various numbers of different bacterial species. By the use of
laboratory experiments, we followed the course of decomposition of the carcass of the
marine copepod Acartia tonsa. In oxic conditions, copepod bodies begun to degrade rapidly
at the initial 18 h, with a slow increased during the rest of the experiment of incubation,
later between 18 — 24h it remained relatively stable, and then slowly increased, about 20%
of bodies of carcasses was measured during the 6 last hours. In contrast, the decomposition
process was much slower in the anoxic conditions during the 18 first hours, and then a high
increase of >50% was observed over 24 hours of incubation, increasing greatly and quickly
over the last 6 hours. Using Illumina sequencing of the 16S rRNA gene we identified
members of the bacterial community associated with carcass decomposition of A. tonsa.
Different bacterial communities were found between the different treatments of the
decomposition experiments. From the phylogenetic analysis, it could be concluded that the
investigated marine copepod carcass was associated with bacteria of three phyla:
Proteobacteria,  Bacteroidetes and  Verrucomicrobia.  Whereas, Vibrionaceae,
Pseudoalteromonadaceae, Rhodobacteraceae, Flabobacteriaceae and Verrucomicrobiaceae
were the most abundant bacterial families. Detection of nirK and nosZ marker genes for
denitrification (N2> and N2O production, respectively) were detected under anoxic
conditions and showed an increase with time, mainly associated with the late stage of
decomposition. Then, the investigation of bacteria associated to decomposition of copepod
carcasses is very important, because the functioning of those carcasses as pelagic hotspots
for bacterial decomposition may have implications in nitrogen cycling via denitrification.
However, further studies to quantitatively assess the contribution of these communities to

the global biogeochemical cycles are required.

Keywords: Copepod carcasses, bacterial decomposition, bacterial communities, llumina

sequencing, functional genes, biochemical cycles.
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Introduction

The study of the relationship between zooplankton and microorganisms in the pelagic
environment of the ocean has focused, historically, on the indirect link via the microbial
food web (Tang et al. 2009). These two components of the marine food web are generally
treated as separate entities only connected through the trophic cascades, albeit, microbes
and zooplankton are dynamically linked at different ecological levels (Azam and Malfatti,
2007; Tang et al., 2010). However, recent studies have shown that their occurrence and
ecological functions can be closely linked (e.g. Maller et al. 2007 and Tang et al. 2009a).
The bacterial abundance associated with copepods can even be orders of magnitude higher
than that in the free-living bacteria on a per volume base, indicating active bacterial
colonization and growth in these microenvironments (Tang et al., 2006b; Tang et al., 2010;
Tang et al., 2011; Schmidt et al., 2016). The investigation of the bacterial communities
associated with marine planktonic copepods is therefore highly relevant. The fact that
marine copepods may constitute up to 80 % of the mesozooplankton biomass (Verity and
Smetacek 1996) underlines this.

Copepods also are key components of the food web as grazers of primary production
and as food for fish (Cushing 1989; Mgller and Nielsen 2001). Similarly, their molts and
carcasses can be populated and decomposed by bacteria (Tang et al. 2006a; Tang et al.
2006b; Tang et al. 2009b). This disintegration and decomposition of copepod carcasses
provide an alternative pathway for nutrient regeneration, elemental recycling and microbial
production (Harding, 1973; Lee and Fisher, 1992; Reinfelder et al., 1993). Thus, rapid
decomposition and remineralization by microbes will channel carcass materials to the
microbial food web within the pelagic zone. Then, to understand the direct association
between both groups could give information about the functioning of the pelagic
environment from an ecologic and biogeochemical point of view.

Marine copepods contributes significantly to the transport of carbon and nitrogen from
the euphotic to the mesopelagic zone through both the sinking of particles and vertical
migration (Steinberg et al., 2000; Steinberg, Goldthwait and Hansell 2002; Escribano et al.,
2009; Yafez et al., 2012). The copepod body has a higher relative C:N ratio than the
phytoplankton biomass due to the lack of a carbohydrate storage, which makes them

attractive bacterial habitats (Bickel and Tang 2010). In the un-poisoned treatment, the
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leached carbon appeared to be rapidly consumed and the total carbon loss rate was also
higher, indicating direct bacterial decomposition (Lee and Fisher, 1992). In addition to
organic carbon, trace elements were also being remineralized during bacterial
decomposition of copepod carcasses (Reinfelder et al., 1993). Consequently, the carcasses
are hydrolyzed and mineralized at high rates (Lundgaard, 2016).

The elevated bacterial activity and the eventually already established anoxic
microenvironment, depending on the food remains in the gut, makes them possible
microhabitats for anaerobic N- cycling. Recent investigations into copepod microbiomes
have revealed a number of recurring bacterial groups, such as Vibrio sp., Bacteroidetes,
Firmicutes, Actinobacteria, and Pseudoalteromonas sp., that are associated with different
copepod species from different ecosystems (Gerdts et al., 2013; De Corte et al., 2014, 2018;
Moisander et al., 2015; Scavotto et al., 2015; Shoemaker and Moisander, 2015). Separating
out the microbial communities that colonize the gut or the exoskeleton of zooplankton is
challenging though (Mgller et al., 2007; De Corte et al., 2014; Skovgaard et al., 2015).
Additionally, the metabolic functions of copepod-associated bacteria remain largely
unknown, unlike those of microorganisms associated with benthic invertebrates (Dubilier et
al., 2001; Martinez-Garcia et al., 2008; Hoffmann et al., 2009; Stief et al., 2009). Globally,
OMZs are responsible for up to 50% of the oceanic fixed nitrogen loss (N-loss) via
denitrification and anammox (DeVries et al., 2013). Copepod carcasses may directly
contribute to this N-loss via denitrification and possibly anammox (Glud et al., 2015).
Associations between copepods and N»-fixing and denitrifying bacteria had been founded
(Zehr et al., 1998; Glud et al., 2015; Scavotto et al., 2015). Meantime, in small marine
zooplankton from an oxygen-depleted coastal basin, DNRA and denitrification were the
most active pathways of anaerobic N-cycling, whereas anammox was the dominant
pathway in the ambient anoxic seawater (Stief et al. 2017). This finding underlines that N-
cycling associated with sinking carcasses can significantly differ from N-cycling in the
surrounding water, probably owing to distinctive microbial communities that colonize and
develop on zooplankton carcasses (Stief et a., 2018).

The present study investigated the bacterial communities of the marine calanoid copepod
specie, Acartia tonsa. Here, we measured the bacterial community and decomposition

directly associated with the copepod carcasses, in an upwelling zone with anoxic bottom
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water (Mejillones bay, Chile). This coastal marine OMZ is an environmental showcase for

pelagic N loss through anammox and denitrification activity.

Materials and Methods
Study area and sampling strategy

The study was conducted in northern Chile at Mejillones Bay (23°S), within the
Humboldt Current System (HCS). This region is known for its active upwelling, and
intermittent upwelling throughout the year which supports high levels of primary
productivity (Marin et al., 1993; Daneri et al.,2000). Sampling was performed in 2013 at
two stations along a coastal transect: St-2 (23°, 02 S - 70° 27 W; zmax = 90m) y St-3 (23°,
03S - 70° 28 W; zméx = 120m).

In this area metazooplankton community is dominated by copepods (Hidalgo et al.,
2010; Escribano et al., 2012). Copepods were collected by oblique tows through 0-30 m
and 30-50 m during the day using a WP-2 net (200 pm mesh and 50-cm mouth diameter)
equipped with a flowmeter. Afterward, the samples were immediately diluted in seawater
and transported to the laboratory within 1 — 2 h. Upon return to the laboratory, thirty- five
adult copepods were randomly selected for decomposition rates experiments and bacterial
community assessment associated with this decomposition.

Additionally, water temperature, salinity, and dissolved oxygen (DO) were measured at
each station by an autonomous profiler SeaBird SBE-19. 40 L of water samples were
collected at 30 m (within the oxygenated layer) and at 50 m (within the anoxic layer) using

a 5-L Niskin bottle for experiments of decomposition of copepod carcasses.

Decomposition of copepod carcasses

To set up the decomposition of copepod carcasses experiments, oxic and anoxic
controlled environments were set up into the two big bottles of 20 L (see Fig. 1, section B
and C). To keep anoxic conditions, sea water was first thoroughly purged with nitrogen gas
before use, especially to decrease oversaturation caused by filtering. The DO
concentrations were verified with an optical sensor OXY-4 Micro-Optode PreSens, by
collecting 20-mL seawater subsamples by overflow using optical sensors that had been

calibrated using a two point calibration (100% and 0% oxygen saturation) following the
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manufacturer's instructions. The oxygen measurements were carried out in bottles. At the
incubation end-points, final oxygen was recorded inside the same bottles initially measured.

Before of the incubations, the zooplankton sample was allowed to stand, so that dead
zooplankton settled to the bottom while live zooplankton actively swam near the surface.
Live zooplankton were removed from the bottle and concentrated on a nylon mesh. Live
zooplankton were immediately killed by brief exposure to acetic acid, rinsed repeatedly
with 0.2 pm filtered sea water and transferred to a sterile Petri dish. The carcasses were
examined under a dissecting microscope, and adults of the copepod specie Acartia tonsa
were selected for experiments. To make sure incubation bottles were clean/had no bacteria
on the bottle’s walls, they were rinsed with acid and MQ water prior to experiments (Kanda
2008). Groups of 35 carcasses, in triplicate, were incubated in 250 mL modified bottles
containing 0.2-um filtered seawater at each treatment. Afterward, all incubations were
stored in a cold room at 14 °C, which is the typical mean in situ temperature of the ~30 m

layer during non-El Nifio years (Ruz et al., 2015).

Bacterial community

Twenty- five fresh carcasses were preserved in a sterile 2 mL Eppendorf vial for DNA
extraction and sequencing the 16S gene for determining of the initial bacterial community
composition associated with the copepod carcasses. After 6,12,18, 24, 30 and 36 hours of
incubation, twenty-five carcasses were preserved in a sterile 2 mL Eppendorf vial and

frozen with liquid nitrogen (-196°C) until DNA extraction.

Microscopy

On hours 6,12,18, 24, 30 and 36, three bottles from each series was selected for
microscopy. On each of the hours given above, 10 carcasses were randomly selected from
each incubation series and transferred onto a glass slide. The carcasses were observed under
a microscope; loss of internal tissues was readily visible under dark-field (Tang et al.
2006Db). Images of the carcasses were made with the aid of a camera lucida attached to a

light microscope (CH2 Olympus).
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Bacterial community composition.

On each sampling hours, 25 carcasses were transferred from each incubation series to a
sterile 2 mL Eppendorf vial and stored in liquid nitrogen at —196°C until DNA extraction.
DNA was extracted with the NucleoSpin Tissue XS kit (Macherey-Nagele), following the
manufacturer’s indications. DNA obtained was visualized for integrity in 1% agarose gel
electrophoresis, stained with ethidium bromide and visualized in a UV transilluminator.
Also, Nanodrop ND-1000 spectrophotometer (Thermo Scientific) and Qubit fluorometer V
1.27 (Invitrogene) was used to check the concentration and quality of the extracted DNA.
Finally, the volume of DNA samples was reduced by concentration with SpeedVac for 2

minutes at 37°C.

Illumina next generation sequencing analysis

For bacterial community identification, general 16S rRNA PCR amplicons (in
triplicates) were obtained using primers 349F-806R targeting the V4 region of the 16S SSU
rRNA (Caporaso et al.,2011). The amplicons were sequenced using lllumina MiSeq on the
Fluidigm platform (https://www.fluidigm.com) at Functional Genomics Laboratory
(University of lllinois). The open-source, platform-independent, community-supported

software program, mothur (http://www.mothur.org), was used to process and analyze the

sequence data. Sequence reads were cleaned and filtered, pre-clustering, and chimera
elimination. The high-quality reads were clustered into operational taxonomic units (OTUSs)
using Mothur. BLASTn of taxonomic classification down to the phylum, class and genus
level was then performed using MOTHUR via SILVA132 database with a set confidence
threshold of 80%.

To confirm the taxonomical assignation of the 5 most abundant OTUs in each dataset,
local alignments against representative sequences were done. Representative sequences
were obtained by BLASTn (Altschul et al. 1990) against the GenBank 16S ribosomal RNA
sequences (Bacteria) database (release 209, August 2015).

Functional genes
To study the detection of specific genes mainly those involved in denitrification,

nitrification processes and mechanism of CO fixation. PCR amplicons were obtained using
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the same DNA template used for gene 16S. The primers used for each gene were the
following: nosZ, 1F-1R, nirK, 876F-1040R; amoA: 1F-2R; petbf-petbr; RblIf-RblIr.

Then, nosZ and nirK , the genes of nitrous oxide and nitrite reductase, respectively,
involved in denitrification processes, petB, the gene of electron transfer -cytochrome b6,
amoA the gene for an ammonium monooxygenase subunit, involved in steps of
nitrification and rbcS, gene of Ribulosephosphate carboxylase/oxygenase, is the mechanism
for CO; fixation.

The amplicons also were sequenced using Illumina MiSeq on the Fluidigm platform
(https://www.fluidigm.com) at Functional Genomics Laboratory (University of Illinois). To
obtain a database of effective sequences for each sample, random sequencing error, low-
quality sequences and chimeras were detected, trimmed and removed by MOTHUR
Software (http://sourceforge.net/projects/seqclean/ and

http://www.mothur.org/wiki/MainPage).

Results
Decomposition of copepod carcasses

We followed the course of decomposition of the carcass of the marine copepod
Acartia tonsa. by dark-field microscopy. In oxic conditions, copepod bodies begun to
degrade rapidly, seemed transparent with intact internal tissues at initial 18 h, with a slow
increased during the rest of the experiment of incubation (Fig.2A). Later, between 18 —24 h
it remained relatively stable, and the slowly increased. Between 24 — 30 h carapace begun
to fracture (Fig.2A). Most of the internal tissues and had disappeared and mainly the
carapace remained with a little bit of internal tissue inside, about 20% of bodies of
carcasses was measured during the 6 last hours (Fig. 2 A,B). In contrast, the decomposition
process was much slower in the anoxic conditions during the first 18 hours, the copepod
carcasses remained intact (Fig. 2A). Then, a heavy break-down of internal tissue and high
increase of >50% was observed during the 24 h of incubation (Fig.2A,B), increasing
greatly and quickly over the last 6 hours, the copepod carcasses contained no internal

tissue, but beared undamaged setae and intact copepod exoskeleton (<10% in bodies of
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carcasses was measured) (Fig. 2A,B).

Community composition determined by NGS

Detailed taxonomic characterization of the bacterial communities’ changes during
decomposition of copepod carcasses (A. tonsa) in Mejillones bay was accomplished using
Next-generation sequencing (NGS) of 13 samples that were taken from decomposition
experiments described above.

Bacterial 16S rRNA gene sequencing produced 728807 reads and 470312 OTUs, after
clustering at 97% similarity. Community composition was >50% similar between samples
based on Bray- Curtis similarities (Fig. 3B). In anoxic conditions, taxonomic identification
indicates a dominance of Gammaproteobacteria (27% of total relative abundance).
Meantime, in oxic contitions a dominance of Alphaproteobacteria (16%) followed by
Gammaproteobacteria and Verrucomicrobia (10%) (Table 1).

Most abundant taxa in oxic conditions included members of the families
Rhodobacteraceae (14%, phylum Alphaproteobacteria) and Verrucromicrobiaceae (10%,
phylum  Verrucomicrobia). Meanwhile, in anoxic conditions were oberved
Rhodobacteraceae (16%, phylum Alphaproteobacteria), Vibrionaceae (16%, phylum
Gammaproteobacteria), and Pseudoalteromonadaceae (7%, phylum Gammaproteobacteria)
(Fig.3A). Subsequently, the classes Bacilli and Clostridia (phylum Firmicutes), and
Sphingobacteria (phylum Bacteroidetes) have also been found in both of two conditions, to
occur in low abundance (Fig.3A).

Treatments clustered show rows that are closely together (have small dissimilarity)
linked near the right side (oxic conditions) and left side (anoxic conditions) of the plot.
Rows that link up near the left side are very different. TO (environmental sample) appears
to be quite different from any of the other samples (Fig. 3B). The similarities between the
two different Oz treatments were assessed with ANOSIM and the significant R-score for the
grouping anoxic vs. oxic treatments was 0.60 and P-value was 0.006 indicating that the two
clusters were indeed different. Together with the results of the environmental incubation,
this indicates that the carcasses-associated degradation processes were mainly driven by
carcasses-specific bacterial communities and not by the communities originally found in
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the seawater.

The temporal development in the microbial communities in both treatments was also
evidenced by relative abundances of the OTUs responsible for the observed difference
between treatments during the course of the experiment, based on SIMPER analysis
(Fig.4). Overall, we observed a total of OTU 0001 and 00007 responsible for the difference
between treatments and most exhibited opposite dynamics in the two parallel O treatments,
with exception of OTU 00019 (Fig. 4 A,B). In oxic conditions, OTUs 0001 and 00007
increased more than threefold and twofold in relative abundance over the 18 — 30 h and 30 —
36 h, respectively. Meantime, OTUs concurrently were reduced %2 or more in relative
abundance over the 24 and 30 h. Of those, OTU 00019 were completely lost in the oxic
treatment (Fig 4A), meantime this increased more than twofold in relative abundance over
the 36 hours in anoxic treatment Fig. 4B).
Overall, shifts in the microbial community dynamics as expressed by an extreme increase
or decrease in relative abundance of given OTUs were thus most explicit in the oxic

treatment.

Functional genes

Genes associated with nitrification and denitrification, such as amoA, nirK, nosZ
(Fig.5) were also found in the experiments of the bacterial decomposition of copepods
carcasses. These genes were evident in incubation with seawater from the anoxic water
layer, mainly associated with the late stage of the A. tonsa carcasses decomposition (Fig.
5B).
Furthermore, a few genes usually associated to oxygen-limited environments and oxygen
saturated surface water, such as cytochrome b, nitrite reductase and rbcS (Fig. 5), were also

detected in the experiments.

Discussion

Copepod carcasses are dense packages of organic matter and their fate therefore has

important implications for material and energy fluxes through of the water column. Here
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we focused on bacterial decomposition, their community associated and potential
implications on N-loss in OMZ.

In laboratory studies, we followed the course of decomposition of the carcass of the
marine copepod A. tonsa. When copepod carcasses were exposed to oxic conditions,
decomposition begun rapidly during first 18h, later it remained relatively stable, and slowly
increased towards the last 6 h of the incubations. In contrast, the decomposition process
was much slower in the anoxic conditions during 18 h, increasing greatly and quickly over
the last 6 hours of the incubations. The differences in decomposition observed in this study
during the first hours of incubation between treatments: highest percentage of internal
tissues loss in oxic than anoxic conditions are comparable to the observation of Tang et al.,
(2006). Toward the end of the decomposition, most of the tissues have disappear, leaving
behind the chitinous exoeskeleton and trace amounts of internal tissues coincident with
Tang et al., (2009). Although chitilolytic bacteria are present in ocean, chitin degradation
by bacteria in nature tends to be very slow. For example, in situ incubation of purified
chitin particles showed a loss rate of <1% per day (Hood & Meyers 1977, Kirchner 1995,
Kirchman & White 1999, Tang et al., 2009).

Using Illumina sequencing of the 16S rRNA gene we found significant differences
between the bacterial communities associated with copepod carcasses.

Rhodobacteraceae, the first most abundant family found in the copepod carcasses -
associated bacterial community, have been reported to live associated with marine
organisms, such as coral, sponges and microalgae (Ridley et al., 2005; Burke et al., 2011;
Roder et al., 2014) and to contribute to biofilm formation (Pujalte et al., 2014), indicating
that this group may play a major role in the colonization of the zooplankton exoskeleton.

While, some bacteria typically associated with marine copepods, such as Vibrio spp.,
Sphingomonas sp., and Pseudoalteromonas spp. express chitinases and are able to utilize
chitin as source for carbon and nitrogen (Svitil et al., 1997; Zhu et al., 2007; Tang et al.,
2010; Gerdts et al., 2013), there are Vibrionaceae. Sphingomonadaceae and
Pseudoalteromonadaceae family, respectively. In this study, Vibrionaceae was the one of
more dominant into the decomposition experiments, especially during the early and late
stages of decomposition on oxic conditions, when the chitin of copepod carcasses was

broken and high degraded. Therefore, it is possible to suggest to this community is the main
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responsible of that chitin degradation.

Unexpectedly, we did obtain sequences related to Verrucomicrobiaceae family on
copepods carcasses sinking. Members of this family had been reported so far only related
as sponge (Thiel et al., 2007) and hydromedusa (Daley et al., 2016) associated bacteria.

In our study, we observed that their abundance was consistently high on copepod
carcasses, specially within the treatments with oxic conditions, in contrast to previous
studies conducted when the microbiome in marine copepods had been researched
(Moinsander et al., 2015).

Otherwise, members of phylum Firmicutes are found in marine particulate matter
(Vojvoda et al. 2014). as well as in microbiome of mammals and terrestrial and aquatic
invertebrates (Ley et al. 2005; Waust et al. 2011). Moreover, they have major roles in animal
digestion previously and have been found in freshwater copepods, while absent in the
surrounding water (Grossart et al. 2009; Homonnay et al. 2012). In this study, Clostridiales,
Lactobacillales and Bacillales, the members of this Phyllum were found in low abundances
but were more abundant under oxic conditions.

The microbial communities associated with copepod carcasses, including those attached
to the exoskeleton, are exposed to the low ambient Oz levels and will likely changes and
will be dominate for anaerobic or facultative anaerobic organisms, compared to oxic ones,
when exposed to environments with low oxygen levels. This will reinforce the functioning
of copepod carcasses as Oz-depleted, pelagic hotspots with possible large-scale
biogeochemical implications.

In this research, the detection of nirK and nosZ (N2 and N2O production, respectively)
were found to occur under anoxic conditions and showed an increase with time, mainly
associated with the late stage of decomposition. Similar to the other studies when
expression of nirS, nirK and nosZ were documented in arctic copepods (Glud et al. 2015)
and in the north Atlantic Ocean (De Corte et al. 2018).

Thus, the investigation of bacteria associated to decomposition of copepod carcasses is
very important, because the functioning of those carcasses as pelagic hotspots for bacterial
decomposition, they may have implications in nitrogen cycling via denitrification.
However, the quantitative importance as a sink for bioavailable nitrogen is strongly

dependent on the ambient O2 level. The importance of carcass associated denitrification
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could be highly significant in O depleted environments such as Oxygen Minimum Zones
(OM2).

Conclusion

Marine copepods form one of the most abundant mesozooplankton groups in the
oceans and are associated with various numbers of different bacterial species. We showed
that 1) from laboratory experiments, following the course of decomposition of the carcass
of the marine copepod A. tonsa. In oxic conditions, decomposition begun rapidly, later it
remained relatively stable, and slowly increased towards the last hours of the incubations.
In contrast, the decomposition process was much slower in the anoxic conditions,
increasing greatly and quickly over the last hours of the incubations; 2) Different bacterial
communities among different treatments of decomposition experiments were found,
whereas changes were observed throughout both incubations; and 3) further studies to
quantitatively assess the contribution of these communities to the global biogeochemical
cycles are required.
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Table 1: Variations in abundance (abund, number) and relative abundance (rel. abund.) of

operational taxonomic unit (OTU) composition between the microbiomes of A. tonsa under

oxic (Ox, < 4.6 mL/L), anoxic conditions (An, 0 mL/L) and environment (En).

Phylum Clase Abund (n° of OTUs) Rel. abund. (%)

En An Ox En An Ox
Acidobacteria Solibacteres 0 0 2 00 00 0,0
Actinobacteria Actinobacteria 0 53 815 00 00 02
Bacteria_unclassified Bacteria_unclassified 0 87 499 00 00 01
Bacteroidetes Bacteroidetes_Incertae_Sedis 0 0 664 00 00 01
Bacteroidetes Bacteroidetes_unclassified 0 701 251 00 01 01
Bacteroidetes Flavobacteriia 32 20270 9961 0,0 43 21
Bacteroidetes Sphingobacteriia 0 99 5 00 00 00
Chloroflexi Anaerolineae 0 190 0 00 00 00
Chloroflexi Chloroflexi_unclassified 0 119 0 00 00 00
Firmicutes Bacilli 0 86 1719 0,0 00 0,4
Firmicutes Clostridia 0 0 8 00 00 0,0
Gemmatimonadetes  Gemmatimonadetes 0 0 52 00 0,0 0,0
Gracilibacteria Gracilibacteria_cl 0 177 141 00 00 00
Planctomycetes Planctomycetacia 0 135 241 00 00 01
Proteobacteria Alphaproteobacteria 842 76233 63862 0,2 162 13,6
Proteobacteria Betaproteobacteria 627 30 548 0,1 00 0,1
Proteobacteria Deltaproteobacteria 0 0 383 00 00 01
Proteobacteria Epsilonproteobacteria 11 13634 8687 00 29 18
Proteobacteria Gammaproteobacteria 43889 124514 47191 9,3 26,5 10,0
Proteobacteria Verrucomicrobiae 57 5786 47610 0,0 12 101

Total

470312

108



Figure captions

Figure 1: Experimental setup decomposition of copepod carcasses experiments. A)
Sampling point, Mejillones Bay, northern Chile. At each point, 40 L seawater (SW)
samples were collected at two depths (from oxic and anoxic layer), for zooplankton species
collection.; B) Experimental setup for copepod carcasses decomposition in oxic and anoxic
controlled environments. Anoxic conditions were reached by purging nitrogen gas into
water; and C) Experimental setup under different oxygen conditions, with 3 replicates
bottles per each treatment.

Figure 2: A) Decomposition of copepod carcasses (Acartia tonsa) as observed by dark-field
microscopy. In oxic conditions, the copepod body was transparent with intact internal
tissues at the beginning (6-12 hrs), early stage of decomposition during, almost a 30% of
total of the copepod carcasses had begun to decompose at first 18 h. Between 24 and 30 h
carapace began to fracture. At late 30-36 hrs most of the internal tissues and had
disappeared and mainly the carapace remained with a little bit of internal tissue inside.
Meantime, during anoxic conditions the decomposition was slower than oxic. At first 18
hours the copepod carcasses remain intact. After 24 hours a heavy break- down of internal
tissue was observed. At late 36 hours the copepod carcasses containing no internal tissue
but bearing undamaged setae and intact copepod exoskeleton. B) Course of decomposition
of copepod carcasses (Acartia tonsa) at oxic and anoxic controlled environments. The stage
of decomposition is described by a scale of O to 4 based on the percentage coverage of body
decompose by bacteria: 0, 0% percentage of decomposition; 1 up to 30%; 2 = 30-70%;
3=70-90% and 4 > 90%..
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Figure 3: Bacterial community composition changes during decomposition of copepod
carcasses experiments based on relative distribution of bacterial 16s rRNA gene sequence. A:
Hierarquical cluster analysis based on Bray-Curtis coefficient for the different treatments. Red
doted lines indicate statistically supported nodes according to SIMPROF analysis. B:
Taxonomic distribution of the assigned. TO: environmental sample for initial incubation time;
T1: 6 hours of incubation time; T2: 12h; T3:18h; T4:24h; T5: 30h; T6:36h. OTUs representing
less than 2% of total bacteria sequences are included in the group ‘Others + unassigned’.

Figure 4: Changes on relative abundances of the OTUs responsible for the observed difference
between treatments, based on SIMPER analysis. Gray lines indicate the stage of copepod
degradation.

Figure 5: Changes on the number of reads of specific genes responsible for the observed

difference between treatments. Gray lines indicate the stage of copepod degradation.
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4.2.2. Degradation of sinking copepods: exploring their importance for N and C cycling in

oxygen depleted water

Articulo en preparacion (resultados preliminares)

Sonia Yafiez
Doctorado en Oceanografia
Universidad de Concepcidn

Resumen

Las carcasas de copépodos son densos paquetes de materia organica y su destino podria tener
consecuencias importantes para el flujo de materia y energia. Aqui nos enfocaremos en su
degradacion y sedimentacion. Estas carcasas son frecuentemente colonizadas por bacterias,
manteniendo alta actividad y crecimiento bacteriano. La razén C:N de particulas de detrito es
de un rango entre 5-20, y los aminoacidos representan entre un 8-51% de su contenido orgéanico
particulado, en comparacion con un copépodo calanoideo, que posee un promedio de la razon
C:N ~ 3, y entre un 30-70% de proteina de su peso seco. Por lo tanto, las carcasas de copépodos
representan materia organica de mayor calidad para las bacterias que las particulas de detrito.
Ademas, la rapida degradacion y mineralizacion realizadas por estas bacterias canaliza la
materia organica (MO) de estas carcasas dentro de la cadena trofica microbiana de la zona
pelagica. De lo contrario, esta MO se deposita en el sedimento en la zona bentonica. En
nuestros estudios de laboratorio se evidencié que, la produccion de NHs *a partir de la
degradacidon bacteriana de carcasas de Acartia tonsa fue observada en todos los tratamientos en
donde el oxigeno estaba muy bajo y estaria provocada por la mineralizacion del nitrdgeno
organico; y esta, podria potencialmente contribuir a la DNRA (del inglés Dissimilatory Nitrate
reduction to ammonium). Ademas, la produccion de NH4" podria apuntar a que aquellas
carcasas de copépodos que sedimentan y que podrian pasivamente transportar nitrégeno
organico hacia aguas profundas, donde este se podria liberar parcialmente como NH4" y alli las
bacterias de vida libre podrian utilizar ese NH4" y oxidarlo a N2. Por lo tanto, estas carcasas

estarian contribuyendo, indirectamente, a procesos de pérdida de N, a través de anammox.
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Abstract

Copepod carcasses are dense packages of organic matter and their fate therefore has
important implications for material and energy fluxes. Here we will focus on two possible
fates: bacterial decomposition and sedimentation. These carcasses are often densely
colonized by bacteria and support elevated bacterial activities and growth. The C:N ratio of
the detrital particles ranges 5-20, with particulate combined amino acids accounting for 8-
51% of their particulate organic content. By comparison, a calanoid copepod body has an
average carbon-to-nitrogen ratio of ~3, and 30-70% of its dry weight are proteins. Copepod
carcasses are therefore higher quality organic matter than detrital particles for bacteria. In
addition, rapid decomposition and remineralization by bacteria will channel carcass
materials to the microbial food web within the pelagic zone. The opposite side of the coin is
deposition of carcass materials to the benthos. Because a copepod body is denser than the
surrounding water, it tends to sink. Our laboratory studies showed that the production of
NH4" from decomposition of carcasses was observed in all treatments under low oxygen
saturation levels and came from mineralization processes; thus, DNRA (Dissimilatory
Nitrate reduction to ammonium) may contribute. Moreover, the production of NH4* further
suggests that sinking of copepods’ carcasses passively transports bound nitrogen to depths
where it could be partially released as ammonium and may fuel free-living anammox
bacteria and thus contribute to pelagic N-loss by anammox.

Also, pelagic N-loss is potentially enhanced by carcasses of chitinous zooplankton
indirectly through NHz * production that may contribute to anammox. As copepods are
some of the most abundant mesozooplankton in the oceans, anaerobic nitrogen cycling
associated with these animals may have large implications for biogeochemical cycling in

the oceans, and the fixed-nitrogen loss from marine pelagic environments.

Keywords: Sinking copepod carcasses, degradation, C and N cycles
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Introduction

The pelagic food web plays a central role in regulating the exchange of CO between the
atmosphere and the surface ocean, as well as the transfer of organic carbon into the deep
sea. Within this food web, zooplankton serve both as trophic links between primary
producers and higher trophic levels (such as fish) and as recyclers that transform particulate
carbon and nutrients into dissolved pools (Steinberg and Laundry, 2017). Copepods usually
dominate the mesozooplankton in respect to numbers and biomass in all marine waters
(Miller and Wheeler, 2012) and is increasingly recognized to host unique
microenvironments in the pelagic macroenvironment (Tang et al., 2010).

Copepod carcasses i.e. the remains of dead copepods, which has been found to make up
12-60% of the total zooplankton population (Glud et al. 2015), and yet another, little
studies. Studies have shown that the gut of copepods is potentially anoxic, and increasingly
so with decreasing oxygen saturation in the surrounding water (Glud et al. 2015; Tang et al.
2011). Additionally, copepods and their carcasses constitute local sources of particulate and
dissolved organic matter and nutrients, which attracts and feeds free-living and animal
associated bacteria (Steinberg et al., 2000; Tang et al., 2006; Saba et al., 2011). Copepods
are important components of the marine food web, and can be substantial contributors to
biological pump export processes through production of sinking carcasses. Their
significance as a link between primary producers and higher trophic levels has long been
recognized (Cushing 1989; Mgller and Nielsen 2001; Mgller 2005; Olsen et al. 2005).
Copepods also contribute to the microbial loop (Azam et al. 1983; Mgller and Nielsen
2001) by releasing dissolved organic carbon (DOC) via the decomposition of copepod
carcasses by bacteria (Tang et al. 2006a, b). Carcasses produced by copepods also can
contribute of passively sinking copepod the particulate organic carbon (POC) export as well
(Sampei et al., 2009). Carcasses are altered as they sink, and also their contribution to
export changes with depth because of microbial degradation (Tang et al., 2009, Tang and
Elliott, 2014). Indeed, most carcasses produced in the upper mixed layer are degraded by
microbes such as bacteria and fungi (Tang et al., 2006) resulting in retention and recycling
of particulate carbon in surface waters.

In addition, perhaps due to the fact that copepod carcass organic matter tends to be more

labile and is turned over faster than the time needed to establish a microbial food chain
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(Tang and Elliott, 2014). Then, rapid decomposition and remineralization by microbes will
channel carcass materials to the microbial food web within the pelagic zone and oxygen
depleted water. The opposite side of the coin is deposition of carcass materials to the
benthos. Because a copepod body is denser than the surrounding water, it tends to sink.

The role of carcasses as hotspots of microbial activity might have an important indirect
effect on the aquatic biogeochemical cycles as the conditions into those carcasses may host
different levels of pH (Tang et al., 2011), oxygen (Stief et al., 2017, Glud et al 2015) and
represent concentrated organic matter in relation to the surrounding water and therefore
might be important in elemental cycling such as nitrogen cycling.

Here, we measured bacterial respiration as a proxy for carbon and nitrogen
turnover/degradation directly associated with carcasses of the calanoid copepod Acartia

tonsa in incubations at different temperatures.

Materials and methods
Copepod cultures

Adult A. tonsa were obtained from the Department of Science and Environment (Ph.D.
Thomas Allan Rayner/Prof. Benni Winding Hansen, Roskilde University, RUC), and kept
at 21-22 °C in filtered seawater (salinity 30) until incubations. A. tonsa were fed daily with
Rhodomonas sp., also obtained from RUC. Animal culture bottles were aerated with very
light bubbling through glass tubes to resuspend algae, and algae bottles were shaken to
resuspend the algae and given new media every 3-4 days. Animals and algae were exposed

to the natural light:dark cycle in Denmark during February, 2017.

Microsensor Profiling

Prior to experiments, each optode was calibrated at 100% O air saturation and at 0% O
air saturation (achieved by addition of sodium dithionite) in seawater (30%o) at 8, 17 and
23°C.

Microbial respiration experiments/Copepod degradation experiments
The oxygen air saturation was measured (converted to oxygen concentration) and then

we have calculated the respiration rates follows equation (1), (2), (3) and (4) (see Table 1).
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Experiments were carried out in order to observe degradation of copepod carcasses,
using microbial respiration rates as proxy to degradation of A. tonsa carcasses. Carcasses
were incubated at a density of 25 carcasses 25 mL™ in 25-mL serum bottles sealed with
butyl rubber stoppers. To make sure incubation vials were clean/had no bacteria on the
bottles walls, they were rinsed with acid and MQ water prior to experiments (Kanda 2008),
and placed in a plankton wheel for incubations.

The animals used in experiments were not fed on the day of counting and starved
overnight. Copepod carcasses were produced by submerging live animals into 10% acetic
acid for about 10 seconds, and after this into Petri dishes with MQ-water for rinsing before
to start experiments. These intact carcasses were carefully transferred from Petri dishes to
the serum bottles containing 0.2 um- filtered seawater (Millipore, Isopore membrane filters,
0.2 um GTTP). In total, 24 bottles were mounted on a plankton wheel rotating at 13 rpm
in order to ensure proper mixing of the water, and keep particulates, including carcasses,
suspended. Oxygen concentration was monitored over time with optode spots (SensorSpot,
Pyroscience, Germany) fixed to the inside of the incubation bottles (Glud et al., 2015).
Oxygen concentrations were measured with the optode spots from the outside by a
FireSting optical O. meter (Pyro Science, Germany). Then, oxygen concentration data were
used for choosing the moment when sacrifice bottles as well and to take samples for
ammonium DIC analysis and microbial cell bacteria.

At each of 5 time points (put hours of experiments), 3 bottles containing carcasses and 3
bottles containing only 0.2 um filtered seawater (controls) were sacrificed, and samples
were taken for ammonium. At each sampling, 1 ml of water was sampled for ammonium

analysis, and stored at -20°C until analysis.

Mineralization processes

The carcasses-associated Oz consumption and NH4* production can be used to asses the
microbial mineralization of the carcasses. Oxygen concentration time series were re-
constructed from the concentration decreases measured between consecutive sampling

points, while NH4* concentration time series were measured directly.
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Bottle effects

The bottle effect may produce an evident deviation from linear rates at oxygen
concentrations above the limiting oxygen range due to significant increases in bacterial
abundance and/or activity on the bottle walls. Regarding this, after sacrificing those bottles
incubated with carcasses and they were re- filled and sealed with butyl rubber stoppers.
Then, the bottles were mounted again on plankton wheel and the oxygen concentration was
measured as was described above.
Sample analyses

The NH4" concentration of the samples was determined by the salicylate-hypochlorite
method (Bower and Holm- Hansen 1980) using a spectrophotometer Genesys 10S UV-VIS
(ThermoScientific).

Results
Oxygen dynamics

Oxygen consumption associated with degradation of A.tonsa carcasses are shown below
for experiments at 8, 17 and 23°C (Figure 1).

At 8°C O concentration decreased from 305 to near 200 uM in bottles with carcasses
and from 305 to 272 uM was observed in the control bottles (Fig.1A). In a 17°C O2
decreased throughout the incubation from 258 to 115 uM in bottles with carcasses. A small
decrease O was observed in the control bottles (Fig. 1B).

While in 23°C the Oz concentration decreased near linearly during the first 12 hours, and
the conditions only truly got anoxic. Comparably very small, if any, concentration changes
were observed in the controls (Fig, 1C).

The effect of the bottle treatment was similar at all incubations, although some
differences were noticed in 23°C (Fig.1 1,J,K)

Bacterial respiration experiment as proxy of degradation of A.tonsa carcasses

Bacterial respiration rates associated with A.tonsa carcasses were calculated from
oxygen consumption data measured at different temperatures (8, 17 and 23°C) (see
Materials and Methods).

In 8°C oxygen consumption by bacterial respiration rates varied on average about 41
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nmol ht in bottles with carcasses and 35 nmol. h™* was measured in control bottles over 3
first hours, about 41 nmol. h in carcasses and 9 nmol. h't in control and over 31 hours, and
about 13 nmol. h! in carcasses and small consumption of 5 nmol. h in control over last
124 hours (Fig. 1E).

In the 17°C experiment oxygen consumption by bacterial respiration was more
pronounced compared to 8 and 8°C, steadily high by about 184 nmol. h* on bottles with
carcasses and 71 nmol. h* over 3 hours, and over 12 hours continued high at about 117
nmol. h't with carcasses and 34 nmol. h™! in control, and decreased oxygen consumption
during the last 45 hours to about 47 nmol. h'* and small concentration changes were seen in
the control bottles (Fig. 1F).

Finally, at 23°C similar results than at 17°C, a high oxygen consumption, about 183
nmol. h™ was seen over 3 hours, and 75 nmol. h over 45 h in bottles with carcasses.

Comparably small concentrations changes were observed in the controls (Fig. 1G).

NH4* dynamics

In the 8°C- treatment (Fig. 2A), a production of NH4" on average in carcasses could be
seen already during the first 24 hours of incubation, and this production continued, with a
total average increase about 9 M over the entire incubation.

In the 17°C-treatment (Fig. 2B), ammonium production was more pronounced compared
to what was seen at 8°C, with increase of about 6 pM over the first 24 hours, and a total
increase of 11 uM during the whole incubation.

Finally, in the 23°C- treatment, a similar increase (compared to that seen at 17°C) in
NH4" average in carcasses was observed over first 24 hours, and a total increase of 9 uM
was observed throughout the whole incubation. At all temperatures, the concentration

changes observed in the controls were very small (Fig. 2C).

Discussion (preliminary)

The presence of zooplankton carcasses in the water column results from non-predatory
mortality, which allows extensive microbial degradation of carcasses during their descent to
the seabed (Tang et al.,, 2011). Common causes of non-predatory mortality include

senescence, temperature change, physical and chemical stresses (e. g turbulence, wind and
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currents), parasitism and food-related factors. After death, these carcasses could remain in
the water column until removed by sinking, necrophagy, or microbial decomposition. Thus,
in pelagic ecosystems, copepods represent vastly abundant “microbial hotspots” with
unique biogeochemical features (Tang, 2005; Tang et al., 2010; Nuester et al., 2014).

An important process in microbial food webs is nutrient regeneration, especially
mineralization of organic nitrogen to ammonium (Harrison, 1992). These originally bound
nutrients can be release directly by grazers during the feeding process (sloppy feeding)
(Jumars et al. 1989; Mgller and Nielsen 2001; Mgller, 2005), viral lysis of bacteria (Fuhrman,
2000) and protists (Miller and Wheeler, 2009) or during microbial decomposition of
zooplankton carcasses (Tang et al., 2010).

In this investigation, we have measured bacterial respiration rate as a proxy for carbon
turnover/degradation directly associated with carcasses of the calanoid A. tonsa , which
seemed to be temperature dependent. Over time, bacteria initially associated with the
animals may end up in the water during incubation and respire Oz due to ammonium release
by the decomposition of carcasses.

Bacteria release ammonium when C:N of the DOM utilized is <4.5, but take up
ammonium when the C:N of the DOM utilized is >6.6 (Goldman et al., 1987;Kirchman
2000). By comparison, calanoid copepods, the most abundant marine mesozooplankton
taxa, have an average C:N ratio close to 3, and proteins commonly account for 30—70% of
their dry weight (Bamstedt 1986). This suggests that although, few in number, zooplankton
carcasses provide higher quality POM than detrital aggregates. Also, unlike
phytoaggregates, which rarely become anoxic (Ploug 2001), decomposing zooplankton
carcasses can quickly become hypoxic or anoxic and support anaerobic microbial processes
that otherwise could not occur in the water column (Glud et al. 2015).

There is some controversy over the relative roles of bacteria and protists for ammonium
regenerations. Both can release ammonium, but bacteria collectively appear to take up as
much ammonium as they release (Kirchman 2000). Therefore, the availability production
of NHs" from decomposition of carcasses observed in all treatments as oxygen was
depleted, resulted from mineralization processes, and then DNRA may contribute (but this
IS a process that occurs in anoxic conditions, using nitrate instead of Oz as an electron

acceptor). Besides, the production of NH4* further suggest that copepod carcasses sinking
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passively transport bound nitrogen to depth where it is partially released as ammonium and
may fuel free-living anammox bacteria and thus may contribute to pelagic N- loss by
anammox.

Therefore, Pelagic N-loss is potentially enhanced by zooplankton carcasses indirectly
through NH4 * production that may fuel free-living anammox bacteria. As copepods are
some of the most abundant mesozooplankton in the oceans, anaerobic nitrogen cycling
associated with these animals may have large implications for biogeochemical cycling in

the oceans, and not least fixed-nitrogen loss from marine pelagic environments.
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Table 1: Parameters and formulations for calculating bacterial respiration rates

Parameter Symbol Unit Note
Where the solubility (uM) of
O change at 8, 12, 17 and
23 °C and 30%o, and slope
. (calibration) is the slope
Oxygen concentration O, conc. UM between nominal % air sat.
values (e.g. 100% and 0%)
and measured % air sat.
values
Oxygen conversion rate O, rate nmol/h O conc. (iM) vs. time
(hours)
Oxyggn conversion rate O, rate by nmol/h
by animals carcasses
. - . Bacterial respiration rate
Individual-specific Ind-Rrate nmol/ind./ from degradation of

respiration rate

h

carcasses experiments

Calculations of factor:

Meas. 0,% air. sat% air sat. at 0% cal.- slope(cal.)

0, conc.= 100% + solubility 1)
0, rate = slope (0, conc.vs.time) * 25 @
0, rate by carcasses = O, rate (bottle w.animals) [nmol/h] — 0, rate (bottles) [n(8)/1
0, conversion rate by animals [nmol/h]
Ind-R rate = (4)

Abundance (no. ind. )
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Figure captions

Figure 1: Concentration time-series of oxygen. Oxygen consumption (M) associated to A.
tonsa incubated at temperatures of 8 (A), 12 (B), 17(C) y 23°C (D). Black diamonds
symbols are carcasses and white diamonds are controls. Bacterial respiration experiment as
proxy of degradation of A.tonsa incubated at temperatures of 8 (E), 12 (F), 17(G) y 23°C
(H). Black barr are carcasses and white barr are controls. Oxygen consumption (LM)
associated to bottle effects experiments associated to A. tonsa incubated at temperatures of
8 (), 12 (J), 17(K) y 23°C (L). Black diamonds symbols are carcasses and white diamonds

are controls.

Figure 2: NH4" dynamics associated to A. tonsa incubated at temperatures of 8(A), 12(B),

17 (C) y 23°C (D). Red square are carcasses and white square are controls.
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5. DISCUSION

5.1. Copepodos pelagicos en el Sistema de Corrientes de Humboldt: aproximaciones

de tasas de mortalidad no—depredatoria.

El Sistema de Corrientes de Humboldt (SCH), es uno de los sistemas mas
productivos del mundo, que incluye ecosistemas de surgencia costera frente a Chile
(Morales & Lange, 2004). Esta produccion es, en gran medida, transferida al pélagos a
través de grandes pesquerias, sustentada principalmente por el zooplancton como parte de
su alimento (Morales and Lange, 2004; Espinoza and Bertrand, 2008) y/o es exportado al
sistema bentonico donde finalmente es acumulado y enterrado como sedimento rico en

materia organica.

La mortalidad es uno de los parametros mas critico y poco descrito en la dindmica
poblacional de copépodos (Runge et al.,, 2004; Ohman & Wood 1995), siendo sus
mecanismos de control espacial y temporal pobremente descritos hasta ahora. Las
investigaciones tradicionales por mucho tiempo han asumido que la mortalidad siempre es
causada por la depredacion (Genin et al., 1995), y es esta quien regula los cambios en la
abundancia de las poblaciones; no obstante, muchos otros factores no-depredarorios pueden
ser también responsables de mortalidad, tales como enfermedades (Delgado & Alcaraz
1999), parasitos (Kimmerer & McKinnon 1990; Burns 1985; Dufy et al., 2005), estrés
ambiental (Roman et al., 1993), inanicion (Tsuda 1994), y senescencia (Ceballos &
Kigrboe 2011; Saiz et al., 2015).

Hoy en dia, sigue siendo una practica comin en muestreos zooplanctonicos de
campo donde los cientificos simplemente preservan y cuentan todos los organismos como
“vivos” (Harris et al., 2000). Pero es simplemente ildgico creer que todos los copépodos in
situ estan vivos. Esto ha sido principalmente debido a la falta de métodos que permitan la
identificacion de individuos vivos y muertos en las muestras, y en parte debido a la
percepcion arraigada de que los copépodos solo mueren por depredacion en el ambiente
(Hirst & Kigrboe, 2002). Sin embargo, no existe una razon bioldgica (o logica) valida para
creer que los copépodos no mueran por mortalidad no-depredadora y que se observa como
la presencia de cadaveres (carcasas) en el ambiente. Como lo sefialo el ecologista R.G.
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Wetzel, (1995):

“La idea comun que existe sobre la produccién neta en organismos, particularmente
algas, microbios y también metazoos, deriva principalmente de la depredacién, no sélo es
poco comprobable sino también intuitivamente poco razonable. Muchos de los organismos,
particularmente bacterias, hongos y también algas y muchos otros organismos
simplemente maduran fisiolégicamente, envejecen, y mueren, combinandose con el detrito
particulado y disuelto disponible para la utilizacion heterotrofica microbiana. Solo porque
no podamos medir bien la mortalidad no- depredadora no significa que no exista o incluso
domine en la mayoria de las épocas del afio"

Los resultados de esta investigacion brindan un fuerte respaldo para estas audaces

declaraciones.

Primero, desde recientes avances en el método de tincion de Rojo Neutro para
distinguir entre los individuos vivos y muertos en muestreos de campo, se ha podido
obtener una detallada cuantificacion de la abundancia de carcasas de copépodos en el SCH
(Yafiez et al. 2012,2018; Elliott and Tang 2009). Este método habia sido utilizado
escasamente en el SCH, y en este estudio fue estandarizado para diferentes grupos de
zooplancton, especificamente copépodos, sus huevos, nauplios y copepoditos. Ademas, fue
testeado en dos diferentes zonas de surgencia costera y tres tipos de redes de muestreo,
demostrandose su eficiencia en esas areas luego de analizar mas de 140 muestras de

zooplancton.

Luego, estimamos por primera vez las tasas de mortalidad de tres copépodos
dominantes en la bahia de Mejillones (23°S) dentro del SCH y examinamos su relacion con
las condiciones ambientales. Una interesante observacion de este estudio es que las tasas de
mortalidad aumentaron con los estadios de desarrollo en las tres especies. Las tasas de
mortalidad se incrementa con la ontogenia, porque los estadios tardios poseen tiempos de
desarrollo méas largos (dias a semanas) que los estadios tempranos (horas a dias), por lo
tanto permanecen mucho mas tiempo en el ambiente. Elliott and Tang (2011a) observaron
que, en un ciclo anual en la bahia de Chesapeake, las tasas de mortalidad de copepoditos
fueron mas altas que las de los nauplios. En Lurejforden, Noruega, las tasas de mortalidad
de Calanus spp. disminuyeron substancialmente a través de los estadios naupliares, pero

incrementaron subtancialmente de los estadios C1 y C5 (Eiane et al., 2002). La mortalidad
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depredatoria de las tres especies aumentaron con los estadios de desarrollo, por lo tanto,
con el tamafio del cuerpo. Un mayor tamafio corporal puede lograr que los copépodos se
vuelvan més evidentes para los depredadores, tales como los peces planctivoros, que a
menudo prefieren una presa mas grande (Brooks 1968, O’Brien et al. 1976). Dentro del
HCS, los planctivoros principales incluyen sardinas y anchovetas dentro de la capa
oxigenada (Espinoza y Bertrand 2008), que podrian explicar la relacion la relacion positiva
de las tasas de mortalidad depredatoria con los estadios de copepoditos (e.g. tamafio del
cuerpo), asi como tambien con el OD en dos de tres especies. La intrusion intermitente de
aguas pobres en oxigeno asociadas a la surgencia costera es una caracteristica comun en
esta region (Marin et al., 1993), que podria inducir episodios de hipoxia y mortalidad de
copépodos como Paracalanus cf. indicus, Acartia tonsa y estadios tempranos de Calanus
chilensis (Yafez et al., 2012; Elliott et al., 2010, 2013; Ruz et al., 2015; este estudio).

Asi mismo, en este estudio las bajas concentraciones de DO fueron asociadas con
altas tas de mortalidad no-depredatoria en P. cf. indicus y A.tonsa, coincidente con estudios
previos (Yéafez et al., 2012; Ruz et al., 2015). Lo opuesto fue observado en C. chilensis, lo
que refleja la mejor capacidad de esta especie para tolerar la hipoxia (Hirche et al., 2014,
Ruz et al., 2018).

Este estudio sugiere, entonces, que el estrés ambiental generado por la hipoxia en
aguas superficiales podria ser la causa principal de mortalidad no-depredatoria en
copépodos, Y por lo tanto refleja la importancia del estrés ambiental sobre el control de la
dindmica poblacional de copépodos dentro del HCS. Futuros ajustes a esta aproximacion
son necesarios, particularmente para estimar el tiempo de residencia de las carcasas (1) en
nuestro ambiente. No obstante, esta aproximacion podria permitir que los investigadores
comiencen estudios de mortalidad no-depredatoria de copépodos, incitando la posibilidad

de futuras discusiones e investigaciones sobre este tdpico.

Entonces, las carcasas de copépodos no son necesariamente perdidas desde la
cadena tréfica. Algunas de ellas pueden servir como alimento para planctivoros (Elliott et
al., 2010), o ser incorporados en la cadena tréfica microbiana (Tang et al., 2009; Bickel and
Tang, 2010; este estudio, siguiente capitulo) y en los flujos de sedimentacién de materia
organica (Sampei et al., 2009, 2012; Ivory et al., 2014), debido al rapido hundimiento que
éstas presentan (40-60 m por dia, Yafiez et al., 2012: Elliott et al., 2010). Sin embargo,
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sabemos que los copépodos muertos obviamente muestran patrones de desplazamiento muy
diferentes a los de copépodos vivos; por lo tanto, entender el destino de estas carcasas nos
permitiria conocer como ellos influencian sobre el ecosistema. Mas significativo aun, hay
que reconocer que estos individuos muertos no contribuyen al crecimiento poblacional, por
lo que correcciones apropiadas son necesarias sobre las estimaciones de produccién

secundaria (PS).

Asi, la estandarizacion del método de tincion rojo neutro junto a la aproximacion de
tasas de mortalidad no-depredatoria nos permitieron estimar los errores en estimaciones de
PS asociados a la ocurrencia de carcasas en las muestras de campo y al uso del método de
tasas de muda para estimar tasas de crecimiento. En este estudio, nosotros cuantificamos
los errores en PS causados por la falta de consideracion de los tiempos de duracion de
estadios y el crecimiento entre estadios, junto a la incapacidad de diferenciar copépodos
vivos y muertos. En general, nuestro rango de datos calculados de error en la estimacion de
PS basados sobre muestras de campo fue comparable con los datos derivados de meta-
analisis por Hirst et al., (2005, 2014). También, nuestros datos muestran que tanto el signo
como la magnitud del error en las estimaciones de PS varian entre las especies de
copépodos co-existentes, siendo en P. cf. indicus un orden de magnitud mayor que en
A.tonsa y C. chilensis. P. cf. indicus es altamente abundante en el SCH y desempefia un rol
importante en la ecologia de este ecosistema (Escribano et al., 2012, 2016; Pino-Pinuer et
al., 2014). Es méas probable que esta especie contribuya con mas carcasas que otras,
proporcionando su mayor abundancia, una mortalidad potencialmente méas alta. Esto,
porque P. cf. indicus puede responder rapidamente a las variaciones ambientales (por
ejemplo, aumentando sus tasas de desarrollo y crecimiento), y asi incrementando sus tasas
de mortalidad no-depredatoria como fue observado claramente en este estudio con la
presencia de carcasas, asi podemos afirmar que la estimacién de produccién secundaria de
esta especie es particularmente propensa a errores, y que se requiere precaucion adicional al
considerar la dindmica de la red tréfica regional y las pesquerias que involucran a esta
especie. A pesar que los errores en PS promedio en A. tonsa y C.chilensis son méas bajos
que los observados en P. cf. indicus, es importante ain su consideracion debido a que un
error inicial pequefio que se propague a través de las generaciones, daria lugar a un error de

gran magnitud a largo plazo (Elliott and Tang, 2011). Esto es particularmente relevante en
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especies de tiempos generacionales cortos, tales como aquellas que habitan en el SCH
(Hidalgo and Escribano, 2008; Escribano et al., 2014). Finalmente, es igualmente
importante la observacion que, entre especies, la distribucion no fue uniforme a través de
los meses y/o estadios. Esto es relevante ya que conocer cuando y donde ocurre la mayor
parte del error podria ayudar a los cientificos a disefiar métodos méas adecuados de muestreo

y modelar estrategias para minimizar el sesgo.

La region del Pacifico Suroriental, esta fuertemente influenciada por El Nifio
Oscilacion del Sur (ENSO). Se espera que el cambio climatico intensifique la surgencia
dentro del SCH (Echevin et al., 2012), con los correspondientes cambios en hidrografia,
quimica del agua, diversidad de especies y fenologia (Hays et al., 2005). Un aumento en los
eventos de surgencia costera podria promover blooms de diatomeas que afectan
negativamente el suministro de alimento para copépodos (Vargas et al., 2006; Poulet et al.,
2007) y somerizar mas aun la ZMO, intensificando el estrés relacionado con la hipoxia
(Gilly et al., 2013). Estas predicciones podrian conducir a un aumento en los episodios de
mortalidad no-depredatoria en copépodos. Basado en lo anterior, podemos afirmar que es
relevante considerar la realizacion de esfuerzos parar diferenciar y cuantificar los
copépodos Vvivos y muertos in situ, y por ende aplicar las correcciones apropiadas al estimar

produccidn secundaria en estudios futuros.

5.2. Degradacion y composicion bacteriana de carcasas de copépodos en aguas con

bajo contenido de oxigeno.

El curso de la degradacion de las carcasas del copépodo marino A. tonsa. En
condiciones oOxicas, la descomposicion comento rapidamente, en las siguientes horas esta
fue relativamente estabe y lentamente se incremento en las ultimas horas de incubacion. En
contraste, el proceso de descomposicion fue mucho mas bajo en condiciones andxicas,
incrementandose muy rapidamente en las ultimas horas de la incubacion. Las diferencias
observadas en este estudio durante las primeras horas de incubacién entre los tratamientos:
alto porcentaje de perdida de tejidos internos en condiciones Oxicas que andxicas son
comparables con observaciones realidadas por Tang et al., (2006). Nosotros tambien
observamos que al final del experimento mucho del tejido interno tiende a desaparecer,

guedando el exoesqueleto quitinoso intacto, coincidente con Tang et al., (2009). La
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degradacion de quitina en la naturaleza tiende a ser muy baja. Por ejemplo, incubaciones in

situ de purificacion de particulas muestran una “tasa de pérdida” < 1% por dia (Kirchner,

1995; Kirchman &White, 1999; Tang & Elliott, 2014).

Entonces, las ZMOs en el SCH incrementan las tasas de sedimentacion de las
carcasas de copépodos, debido a que las tasas de degradacion de estas son mas lentas las
primeras horas, manteniendo una densidad mayor que la de agua de mar y como

consecuencias estas carcasas se hunden hacia aguas mas profundas.

Usando secuenciacion masiva dirigida (llumina tag-sequencing) se identificaron
las comunidades bacterianas asociadas a la degradacién de carcasas del copépodo
calanoideo A.tonsa bajo concentraciones de oxigeno controladas. Estas comunidades fueron

significativamente diferentes entre los tratamientos.

Las Rhodobacteraceae, la familia méas abundante en las comunidades bacterianas
asociadas a carcasas de bacterias en nuestros experimentos de degradacion, han sido
reportadas en estudios previos asociadas a otros organismos marinos, tales como los
corales, esponjas y microalgas (Ridley et al., 2005; Burke et al., 2011 y Roder et al., 2014;
respectivamente) y también como responsables en la formacion de biopeliculas (Pujalte et
al., 2014), sugiriendo entonces que este grupo desempefia un rol importante en la
colonizacion del exoesqueleto de copépodos.

Otros grupos tipicamente asociados con copépodos marinos son aquellos capaces
de utilizar la quitina como fuente de carbono y nitrégeno, tales como Vibrio spp.,
Sphingomonas sp., y Pseudoalteromonas spp. (Svitil et al., 1997; Zhu et al., 2007; Tang et
al., 2010; Gerdts et al., 2013), que son representantes de las familias Vibrionaceae,
Sphingomonadaceae y Pseudoalteromonadaceae, respectivamente. En este estudio,
Vibrionaceae fue una de las mas dominantes en los experimentos de degradacion,
especialmente en los estadios iniciales y finales de degradacion en condiciones anoxicas, en
donde se observd que la quitina de las carcasas estaba rota y altamente degradada,
respectivamente. Consecuentemente, se puede sugerir que Vibrionaceae es la principal

responsable de la degradacion de quitina en nuestros experimentos.

Inesperadamente, nosotros obtuvimos OTUs asociadas a la familia
Verrucomicrobiaceae en las carcasas de copépodos. Representantes de esta familia habian

sido reportados hasta ahora solamente como simbiontes de esponjas (Thiel et al., 2007) e
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hidromedusas (Daley et al.,, 2016). En nuestro estudio, observamos que fueron
consistentemente abundantes en carcasas de copépodos, especialmente en el tratamiento
con condiciones oxigenadas; en contraste, obserbamos muy bajas abundancias en
condiciones anoxicas. Lo que coincide con estudios previos realizados en donde se ha
encontrado en muy bajas abundancias en el microbioma del intestino (anoxico) presente en
copépodos marinos (Moinsander et al., 2015; Skovgaard, 2015). Por otro lado, los
miembros del filo Firmicutes han sido encontrados en materia orgéanica particulada marina
(Vojvoda et al. 2014) y en el microbioma de mamiferos e invertebrados tanto terrestres
como acuaticos (Ley et al. 2005; Wust et al. 2011). En el medio acuéatico, se ha
documentado su rol especifico en la digestion de copépodos de agua dulce, aunque estan
ausentes en aguas circundantes (Grossart et al. 2009; Homonnay et al. 2012). En este
estudio, fueron identificados en muy baja abundancia, aunque distinguiendo mas individuos
en condiciones Oxicas que anodxicas, representantes de los oOrdenes Clostridiales,

Lactobacillales y Bacillales, pertenecientes también a este Phyllum.

Las comunidades bacterianas asociadas con carcasas de copépodos, incluyendo
aquellas que colonizan el exoesqueleto, podrian cambiar y ser dominadas por organismos
anaerobicos o anaerobicos facultativos, en comparacion con las Oxicas, al ser expuestas a
ambientes con bajos niveles de oxigeno, reforzando la idea de la funcion de las carcasas de
copépodos en un ambiente pelagico hipdxico como hotspots con potenciales implicancias a

gran escala en los ciclos biogeoquimicos del ecosistema pelagico.

En esta investigacion también se observo la presencia de dos genes marcadores de
la presencia de desnitrificacion, nirK y nosZ (produccion N2 y N2O, respectivamente) los
que fueron encontrados bajo condiciones andxicas, principalmente asociados con el estadio
final de degradacion. Esto es concordante con estudios previos, en donde se ha reportado la
presencia de los genes nirS, nirK y nosZ en el intestino de copépodos articos (Glud et al.
2015), del Océano Atlantico norte (De Corte et al. 2018).

Por consiguiente, las carcasas de Acartia tonsa que permanecen en la columna de
agua representan hotspots de desnitrificacion en el ecosistema pelagico, aunque su
importancia cuantitativa como sumidero de nitrogeno biodisponible es extremadamente
dependiente de la concentracion de OD del ambiente. Asi, la importancia de las carcasas de

copépodos asociadas a la desnitrificacion podria ser altamente significativa en ambientes
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pobres en oxigeno disuelto tales como la Zonas de Minimo de Oxigeno (ZMO) presentes en
el SCH.

5.3 Degradacion de carcasas de copépodos: potenciales impactos en el ciclo de Cy N.

La presencia de carcasas de zooplancton en la columna de agua es el resultado de la
mortalidad no-depredatoria, cuyas causas estan descritas arriba (ver seccion 5.1). Una vez
que los copépodos mueren, sus carcasas pueden permanecer en la columna de agua,
sedimentar o ser removidas por necrofagia o degradacién microbiana (Tang et al., 2011).
Por lo tanto, las carcasas de zooplancton representan “microbial hotspots” enormemente
abundantes en el ecosistema pelagico con caracteristicas biogeoquimicas Unicas (Tang,
2005; Tang et al., 2010; Nuester et al., 2014).

Un proceso importante en las redes troficas microbianas es la regeneracion de
nutrientes, especialmente la mineralizacion de nitrégeno organico a amonio (Harrison,
1992). Estos nutrientes pueden ser liberados directamente por herbivoros durante el proceso
de alimentacion (sloppy feeding) (Jumars et al. 1989; Mgller and Nielsen 2001; Magller,
2005), lisis viral de bacterias (Fuhrman, 2000), protistas (Miller and Wheeler, 2009), o

durante la degradacion microbiana de carcasas de zooplancton (Tang et al., 2010).

En esta investigacién, hemos medido la tasa de respiracion bacteriana como un
proxy a la pérdida/degradacion de nitrogeno asociado directamente con las carcasas del
copépodo calanoideo A. tonsa, la que parece depender estrictamente de la temperatura. Se
observé un incremento en las concentraciones de amonio hacia el final del experimento,
cuando las concentraciones de oxigeno estaban muy bajas (hipoxia). Esto puede deberse a
la liberacién de bacterias inicialmente asociadas a las carcasas de copépodos a lo largo de la
incubacion, las cuales consumirian O, mientras se remineraliza el nitrogeno orgénico,
liberado como amonio a través de la descomposicién de las carcasas.

Las bacterias liberan amonio cuando la razon C:N de la DOM utilizada es < 4.5y
consumen amonio cuando ésta es > 6.6 (Goldman et al., 1987; Kirchman, 2000).
Copépodos calanoideos, el taxa del mesozooplancton marino mas abundante, presenta un
radio de C:N promedio cercano a 3, con 30-70% de su peso seco correspondiente a
proteinas (Bamstedt 1986). Basado en lo anterior, se puede sugerir que las carcasas de
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copépodos proporcionan POM de mejor calidad para las bacterias que los agregados de
detrito. Ademas, a diferencia de los fitoagregados, que rara vez se vuelven anoxicos (Ploug,
2001), estas carcasas en descomposicion pueden convertirse rapidamente en hipdxicas o
anoxicas y sostener procesos microbianos anaerébicos que de otro modo no podrian ocurrir
en la columna de agua (Glud et al., 2015).

Estos estudios siguen generando controversia, principalmente en relacion a los
roles relativos que bacterias y protistas tendrian como regeneradores de amonio. Ambos
pueden liberar amonio, pero las bacterias parecen poder absorberlo, asi como liberarlo
(Kirchman 2000). Por lo tanto, la produccion de NH4* a partir de la degradacion bacteriana
de carcasas de A.tonsa observada en todos los tratamientos en donde el oxigeno estaba en
muy bajas concentraciones, estaria provocada por la mineralizacion del nitrégeno orgéanico;
y ésta, a su vez, potencialmente podria contribuir a la DNRA (pero, este es un proceso que
ocurre solo en condiciones andxicas, utilizando nitrato en lugar de O, como aceptador de
electrones). Por otra parte, el NH4" producido en carcasas de copépodos que sedimentan
arrastraria nitrogeno a través de transporte pasivo hacia aguas profundas donde podria
liberarse parcialmente como amonio y ser oxidado a N2 por bacterias de vida libre.
Entonces, estas carcasas estarian contribuyendo, indirectamente, a procesos de péerdida de N
a traveés de anammox.

Asi, la pérdida de N en el piélago se ve potencialmente incrementada por las
carcasas de copépodos directamente a traves de la produccion de N2 y N2O (ver seccién
5.2), e indirectamente a través de la produccion de NH4 * por anammox de bacterias de vida

libre.
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6. CONCLUSIONES

Considerando todos los resultados obtenidos en este estudio realizado para evaluar
la mortalidad y degradacion de copépodos peldgicos asociada a las Zonas de Minimo de

Oxigeno (ZMOs), podemos concluir lo siguiente:

e Los avances recientes en métodos de tincion para distinguir entre individuos vivos y
muertos en muestras in situ junto a los ajustes a las condiciones locales realizados
en este estudio han abierto la oportunidad de realizar una cuantificacion detallada de
la abundancia de carcasas de copépodos en Sistema de Corrientes de Humboldt
(SCH).

e Las carcasas de tres copépodos marinos dominantes: Paracalanus cf. indicus,
Acartia tonsa, y Calanus chilensis, fueron ubicuas en el SCH.

e Las tasas de mortalidad total aumentaron con los estadios de desarrollo en las tres
especies en la Bahia de Mejillones. Las tasas de mortalidad total de C5 fueron 3-4
veces mas altas que las de C1. En promedio, la depredacion representd 53,7 de la
mortalidad total en P. cf. indicus, 56,4% en A. tonsa y hasta un 65,2% en C.
chilensis. Mientras tanto, la mortalidad no depredadora representa entre 34.8 al
46.3% de la mortalidad total, y esto refleja la importancia del estrés ambientales
sobre el control de la dindmica poblacional de copépodos en el HCS.

e [Futuros ajustes a esta aproximacion son necesarios, particularmente para estimar el
tiempo de residencia de las carcasas (1) en nuestro ambiente. No obstante, esta
aproximacion podria permitir que los investigadores comiencen estudios de
mortalidad no-depredatoria de copépodos, estimulando la posibilidad de futuras
discusiones e investigaciones sobre este topico.

e No realizar correcciones apropiadas en las estimaciones de crecimiento e ignorar la
presencia de carcasas, puede llevar a enormes errores en las estimaciones de
produccién secundaria (PS). El promedio anual de error en PS fue -39,2% en P. cf.
indicus, 3,1% en A.tonsa, y 5,2% en C.chilensis.

e Este error puede variar en magnitud y signo a través de los meses, especies y
estadios de desarrollo. Esto es relevante ya que conocer cuando y donde ocurre la

mayor parte del error podria ayudar a los cientificos a disefiar métodos mas
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adecuados de muestreo y modelar estrategias para minimizar el sesgo. Incluso en
aquellos casos en que el porcentaje de error es pequefio, las proyecciones de
produccion pueden acumular errores significativos a largo plazo, principalmente
especies con tiempos generacionales cortos.

La degradacion de carcasas del copépodo marino A. tonsa en condiciones Oxicas,
comenz0 rapidamente, luego se observo relativamente estable, y se incremento
lentamente en las ultimas horas de incubacion. En contraste, el proceso de
degradacion fue mucho més lento en condiciones anoxicas, luego este incrementd
enormemente, asi continlo aumentando rapidamente hasta las dltimas horas de
incubacion.

Las ZMOs en el SCH incrementan las tasas de sedimentacion de las carcasas,
debido principalmente a dos procesos; 1) aumentan las tasas de mortalidad; 2) las
tasas de degradacion son mas lentas las primeras 18 h, por lo tanto se hunden.
Distintas comunidades bacterianas fueron observadas entre los diferentes
tratamientos desde los experimentos de degradacién, ademas de cambios de estas
comunidades a través de ambas incubaciones.

Las carcasas de A.tonsa estan asociados con tres phyla: Proteobacteria,
Bacteroidetes 'y  Verrucomicrobia. Vibrionaceae, Pseudoalteromonadaceae,
Rhodobacteraceae, Flavobacteriaceae and Verrucomicrobiaceae fueron las familias
de bacterias mas abundantes.

Presencia de genes marcadores de desnitrificacion nirK y nosz, (produccion N2 y
N2O, respectivamente) fueron encontrados bajo condiciones andxicas,
principalmente asociados con el estadio final de degradaciéon. Entonces, la
investigacion de carcasas de copépodos asociados a bacterias es importante debido a
la funcionalidad de estas carcasas y su degradacion bacteriana como hotspots
pelagicos que tienen implicancias biogeoquimicas en el ciclo del nitrgeno, a través
de la desnitrificacion.

En otros estudios de laboratorio se evidencié que, la produccién de NH4 * a partir de
la degradacion bacteriana de carcasas de A. tonsa fue observada en todos los

tratamientos en donde el oxigeno estaba muy bajo y estaria siendo provocada por la
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mineralizacion del nitrégeno organico; la cual, podria potencialmente contribuir a la
DNRA.

e Ademas, la producciéon de NH4" podria apuntar a aquellas carcasas de copépodos
que sedimentan podrian pasivamente transportar nitrégeno organico hacia aguas
profundas, donde este se podria liberar parcialmente como amonio y alli las
bacterias de vida libre podrian utilizar ese NH4" y oxidarlo a N2. Por lo tanto, estas
carcasas estarian contribuyendo, indirectamente, a procesos de pérdida de N, a
través de anammox.

e Asi, la pérdida de N en el pélagos se ve potencialmente incrementada por las
carcasas de copépodos tanto directamente a través de la produccion de N2 y N20O,
como indirectamente a través de la produccion de NH4 ™ que podria contribuir a
anammox.

e Como los copépodos son algunos de los organismos del mesozooplancton més
abundantes en el océano, por lo que el ciclo anaerébico del nitrégeno asociado con
estos individuos podria tener grandes implicancias sobre los ciclos biogeoquimicos

del océano, y la pérdida de nitrégeno organico desde los ecosistemas pelagicos.

De acuerdo a los resultados obtenidos en la presente investigacion se aceptan las hipotesis

propuestas.
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Figura 6.1.- Modelo conceptual de la dinamica poblacional de copépodos pelagicos,
vivos (celestes), carcasas (verdes) y degradados por bacterias (azul oscuro y transparente)
en un sistema de surgencia costera basado en la zona norte de Chile. La intensificacién de
vientos favorables aumenta la velocidad vertical de la surgencia (flechas azules sobre el
agua), someriza la zona de minimo oxigeno (ZMO) y la capa superficial oxigenada
(SUP). La presencia de la ZMO incrementa las tasas de mortalidad- no depredatoria,
aumentando la presencia de carcasas de copépodos en la capa de agua deficiente de
oxigeno. Simultaneamente, las carcasas son resuspendidas por la surgencia, o tienden a
hundirse hacia el bentos. La suma de estos eventos incrementa la disponibilidad de estas
carcasas como materia organica labil para degradacion bacteriana, siendo estas carcasas
degradadas en la capa superficial y en la ZMO de forma diferenciada. Se muestra el
limite superior (1 mL O2 L-1) de la ZMO, perfiles tipicos de oxigeno disuelto (OD), la
oxiclina, y el potencial efecto de esta degradacion sobre los flujos de C y N en el pélagos.
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