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Resumen

El Sistema de la Corriente de Humboldt (SCH) es uno de los ambientes
marinos mas productivos del mundo, que sustentado por el ascenso de aguas
subsuperficiales ricas en nutrientes que ascienden hasta la capa fotica,
sostiene una de las actividades pesqueras mas productivas del mundo.
Engraulis ringens y Strangomera bentincki representan dos especies de
importancia comercial para la flota artesanal e industrial de Chile. Especies
con un amplio rango de distribucion latitudinal como la anchoveta, se ven
expuestas a condiciones ambientales diversas, a cambios en la disponibilidad
de alimento y a cambios en la estructura trofica de los ecosistemas. La Zona
Sur del SCH se caracteriza por presentar una marcada estacionalidad de las
condiciones ambientales y oceanograficas, con un aporte estacional variable
de nutrientes a través de los rios, lo cual contrasta con la Zona Centro del
SCH, donde los efluentes de agua dulce son escasos, y las condiciones
ambientales de surgencia costera son persistentes a lo largo de todo el afio.
Como estas variaciones ambientales (latitudinales y estacionales) afectan la
ecologia trofica de estos peces pelagicos pequefios, es todavia poco

conocido.
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De manera reciente los isétopos estables (IE) de carbono y nitrdgeno se han
aplicado para estudiar la estructura de las tramas troficas en los ecosistemas
marinos. Las sefiales de nitrégeno (§°N) son indicadoras del nivel tréfico de
los organismos, mientras que sefiales de carbono (8*3C) se emplean para
identificar las fuentes de carbono organico que sustenta los consumidores,
permitiendo identificar posibles variaciones estacionales en el uso del
hébitat. Ambos IE pueden proporcionar informacion clave sobre la
estructura trofica del ecosistema, las interacciones entre especies, y la

asimilacion de presas.

Empleando anélisis de isétopos estables de &C y 6N se analiz6 la
variabilidad estacional en la ecologia trofica de E. ringens y S. bentincki de
dos zonas latitudinalmente distantes del Sistema de la Corriente de
Humboldt: (Iquique 20°S, SCH Centro) y (Talcahuano 36°S, SCH Sur). El
patron de las condiciones ambientales estuvo acorde a lo descrito para ambas
zonas, se observo un patron mas estable en el SCH Centro, mientras que en
el SCH Sur las condiciones ambientales variaron estacionalmente. Las
sefiales isotopicas de 5'3C y 3'°N variaron estacionalmente en los diferentes
grupos funcionales muestreados (POM, Copépodos y Peces) de ambas zonas

del estudio. Los resultados muestran que la anchoveta de ambas zonas
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mostro rangos estrechos de variaciones estacionales de 3C (SCH central: -
17,5%o0 a -17,85%o0; SCH sur: -15,53%o a -15,85%0) pero marcadas diferencias
entre zonas. Las anchovetas del SCH centro mostraron un rango inter-
estacional mas amplio en los valores de 6©°N (SCH central: 16,68%o a 20,72
%0; SCH sur: 16,70%o -17,59%o0), asi como una amplitud tréfica mas amplia,
donde el tamafio del Nicho Isotopico de anchoveta en la zona SCH centro
fue alrededor de 3 veces superior al tamafio del nicho de la anchoveta en el

SCH sur.

El solapamiento del nicho en la zona sur del SCH varié estacionalmente
entre E. ringens y S. bentincki (mayor en verano (68,87% anchoveta, 97,69%
S. comun) y menor en invierno (30,62% anchoveta, 85,67% S. comun))
acorde con la disponibilidad de alimento. Los valores del TP fueron mayores
y mas estables durante el afio en la zona sur (excepto verano). EI TP de E.
ringens fue superior al TP de S. bentincki durante todas las estaciones del

ano.

Los resultados sugieren que aspectos tréficos asociados a variaciones
ambientales pueden constituir mecanismos que impulsan la dinamica entre

poblaciones de una misma especie en diferentes zonas latitudinalmente
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distantes. Este es el primer trabajo que considera la componente estacional
en la ecologia trofica de E. ringens y S. bentincki en el SCH. Resulta
interesante comprender el rol de los peces pelagicos pequefios en el ambiente
marino, las relaciones troficas interespecificas y su relacion con las
condiciones ambientales, ya que entregan informacion complementaria
sobre la dinamica costera, el flujo de energia entre los niveles troficos y
aporta conocimiento fundamental para mejorar la gestion integrada de las
pesquerias, cada vez mas relevante en un contexto cambiante actual (debido
a las modificaciones ambientales de distintas escalas espaciales y temporales
(e.g cambio climéatico) o variaciones directas de origen antropogénico

(presion pesquera)).

ABSTRACT

The Humboldt Current System (HCS) is one of the most productive marine
environments in the world, sustained by the upwelling of nutrient-rich
subsurface waters that ascend to the photic layer, sustaining one of the most
productive fishing activities in the world. Engraulis ringens and

Strangomera bentincki represent two species of commercial importance for
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Chile's artisanal and industrial fleet. Species with a wide latitudinal
distribution range, such as anchoveta, are exposed to diverse environmental
conditions, changes in food availability and changes in the trophic structure

of ecosystems.

The South Zone of the HCS is characterized by a marked seasonality of
environmental and oceanographic conditions, with a variable seasonal input
of nutrients through rivers, which contrasts with the Central Zone of the
HCS, where freshwater effluents are scarce, and coastal upwelling
environmental conditions are persistent throughout the year. How these
environmental variations (latitudinal and seasonal) affect the trophic ecology

of these small pelagic fishes is still poorly understood.

Recently, stable isotopes (SI) of carbon and nitrogen have been applied to
study the structure of trophic webs in marine ecosystems. Nitrogen signals
(8™N) are indicators of the trophic level of organisms, while carbon signals
(3C) are used to identify the sources of organic carbon supported by
consumers, allowing the identification of possible seasonal variations in
habitat use. Both Sl can provide key information on the trophic structure of

the ecosystem, species interactions, and prey assimilation.
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Using stable isotope analysis of 3*C and 8°N, the seasonal variability in the
trophic ecology of E. ringens and S. bentincki from two latitudinally distant
areas of the Humboldt Current System were analyzed: (Iquique 20°S, HCS
Central Zone) and (Talcahuano 36°S, HCS South Zone). The pattern of
environmental conditions was in accordance with what was described for
both zones, a more stable pattern was observed in the Central HCS, while in
the South HCS the environmental conditions varied seasonally. The 6**C and
5'°N isotopic signals varied seasonally in the different functional groups
sampled (POM, Copepods and Fish) from both zones of the study. The
results show that anchovy from both zones showed narrow ranges of
seasonal variations of §:3C (central HCS: -17.5%o to -17.85%o; south HCS: -
15.53%o to -15.85%0) but marked differences between zones. The anchovy
in the central HCS showed a wider inter-seasonal range in 8N values
(central HCS: 16.68%o to 20.72 %o; south HCS: 16.70%0 -17.59%o0), as well
as a wider trophic breadth, where the anchovy Isotopic Niche size in the
central HCS zone was about 3 times larger than the anchovy niche size in

the south HCS.

Niche overlap in the southern zone of the HCS varied seasonally between E.

ringens and S. bentincki (higher in summer (68.87% anchovy, 97.69% S.
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comun) and lower in winter (30.62% anchovy, 85.67% S. comun)) according
to food availability. TP values were higher and more stable during the year
in the southern zone (except summer). The TP of E. ringens was higher than

that of S. bentincki during all seasons.

The results suggest that trophic aspects associated with environmental
variations may constitute mechanisms that drive the dynamics between
populations of the same species in different latitudinally distant areas. This
iIs the first work that considers the seasonal component in the trophic ecology
of E. ringens and S. bentincki in the HCS. It is interesting to understand the
role of small pelagic fishes in the marine environment, the interspecific
trophic relationships and their relationship with environmental conditions,
since they provide complementary information on coastal dynamics, energy
flow between trophic levels and contribute fundamental knowledge to
improve integrated fisheries management, increasingly relevant in the
current changing context (due to environmental modifications of different
spatial and temporal scales (e.g. climate change) or direct variations of

anthropogenic origin (fishing pressure)).
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INTRODUCCION GENERAL

Dentro de la agenda al 2030 para los Objetivos de Desarrollo Sostenible
(ODS) se establece un marco de referencia universal para utilizar de manera
sustentable los recursos marinos y el océano, avanzando en la ordenacion
pesquera y su regulacién (Naciones Unidas, 2018). Segun la Organizacion
de las Naciones Unidas para la Alimentacion y la Agricultura (FAO) el
consumo humano de recursos acuaticos sigue aumentando, mientras que la
proporcion de peces marinos explotados dentro de niveles biolégicamente
sostenibles ha descendido hasta un 62.3% en el afio 2021 (FAO, 2024).
Tradicionalmente, la gestion pesquera se ha centrado en la sostenibilidad de
especies con importancia comercial, ignorando a menudo importantes
consideraciones del ecosistema tales como las interacciones entre especies,
los cambios en la estructura del ecosistema y sus graves impactos, asi como
aspectos troficos esenciales (Link 2002). Cambios en la estructura del
ecosistema debido a la intensa explotacion pueden aumentar la
vulnerabilidad de las poblaciones marinas, provocando que muchos recursos
pesqueros puedan ser sobreexplotados o agotados hasta niveles cercanos al

colapso (Planque et al., 2010; Pitcher y Cheung, 2013).
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Los sectores orientales del océano Pacifico y Atlantico en latitudes
subtropicales abarcan grandes areas de afloramiento costero (Sydeman et al.
2014). Este proceso se caracteriza por un transporte vertical relativamente
poco profundo de masas de agua hacia la superficie (Talley et al. 2011).
Particularm dente, el Sistema de la Corriente de Humboldt (SCH) en el
sureste del Océano Pacifico es una de las reas marinas més productivas del
planeta en términos de produccion de peces (Thiel et al., 2007), sustentado
por un constante ingreso de nutrientes desde aguas subsuperficiales ricas en

nutrientes a la capa fética, producto del afloramiento costero.

En Chile la intensidad del fendmeno de surgencia costera asociado al SCH
varia latitudinalmente. El sistema de surgencia de la zona del Centro del
SCH (18°S - 23°S) se caracteriza por la ocurrencia permanente de eventos
de surgencia durante todo el afio, debido a la influencia de vientos débiles,
pero persistentes, que fluyen en direccion al Ecuador, y que se intensifican
durante primavera-verano (Blanco et al., 2001, Fuenzalida 1990). Algo
diferente ocurre en la zona sur del SCH (30°S - 40°S), donde se distingue
una marcada estacionalidad en las condiciones ambientales, con eventos de
surgencia costera mas intensos durante la primavera y verano austral

(Gutiérrez et al., 2012, 2017), periodo del afio donde dominan los fuertes
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vientos del sur, y que derivan en un ascenso Yy transporte de aguas frias
subsuperficiales de origen ecuatorial a la zona fética, con un alto contenido
de nitratos y bajo contenido de oxigeno disuelto desde zonas méas profundas
(Yanez et al., 2012). Por el contrario, durante los meses de otofio e invierno
austral, existe un debilitamiento del viento sur, prevaleciendo condiciones
de convergencia costera (no surgencia), con agua de baja salinidad cerca de
la superficie debido a lluvias, escorrentia e ingreso de agua dulce

proveniente de rios (Iriarte et al., 2012).

Historicamente, ambas zonas han estado ligadas al desarrollo de intensas
actividades pesqueras vinculadas a Peces Peldgicos Pequefios (PPP).
Particularmente, la anchoveta o Engraulis ringens (Jenyns, 1842), ha sido
una de las principales especies objetivos (Gutierrez-Estrada et al., 2007;
Freon et al., 2008). El stock de la zona norte de Chile es compartido con
Pert, considerdndose una pesqueria transfronteriza de alta importancia
productiva, ya que los desembarques promedios bordean casi 1 millon de
toneladas, y representan un ~8% de los desembarques mundiales de PPP
(Canales & Cubillos 2021). Diferencialmente, el stock de anchoveta de la
zona centro-sur de Chile, es mucho méas pequefio y se encuentra

constituyendo una pesqueria mixta con la sardina comdn o Strangomera
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bentincki (Norman, 1936), un clupeido endémico (Cubillos et al., 2002).
Ambas especies sustentan actividades productivas de la flota industrial y
artesanal a lo largo de la costa chilena (Castillo et al., 2001; Cubillos et al.,
2002; Cubillos et al., 2007a), siendo considerados recursos de alta

importancia socioecondmica (Silva & Pequefio, 2007).

E. ringens se distribuye en un amplio rango latitudinal a lo largo del SCH,
desde el norte de Perti (Zorritos 4°30'S) hasta el sur de Chile (Chiloé
42°30'S) (Claramunt et al., 2012). A lo largo de su distribucion se identifican
varias unidades de stock, entre las que destacan el stock del centro-norte del
Peru (4°S - 14°S), el stock del sur del Per( y norte de Chile (16°S - 24°S), el
stock que se distribuye en la zona centro-norte (25°S - 32°S), entre Caldera
y Coquimbo, y otro localizado en el Centro-sur de Chile (34°S - 41°S)
(Alheit y Niquen 2004). Por el contrario, S. bentincki tiene una distribucion
méas restringida, desde Coquimbo (29°S) hasta Puerto Montt (42°S)
(Cubillos et al., 2001). Ambas especies se agregan en cardimenes de aguas
relativamente costeras y poco profundas (Gerlotto et al., 2004), mostrando
caracteristicas bioldgicas similares en términos de distribucion espacial,
crecimiento, época de reproductiva, areas de desove y época de

reclutamiento (Cubillos et al., 2001, 2007a). La época de desove en ambas
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especies tiende a ocurrir en invierno (hemisferio sur) y se extiende de julio
a septiembre, con un pico entre agosto y septiembre, para que luego de tres
0 cuatro meses los juveniles sobrevivientes se incorporan a la poblacién

explotada (reclutamiento) (Cubillos et al.,1999, 2001, 2002).

Ambas especies cumplen un rol esencial en el ambiente marino costero, ya
que debido a su importante biomasa en los niveles intermedios de la trama
trofica, posibilitan la conexién entre los niveles troficos inferiores y
superiores, y por tanto, son claves en el flujo de energia del ecosistema (Cury
et al., 2000; Pikitch et al., 2012). A pesar de que estos peces forrajeros se
caracterizan por ser especies de vida corta y presentar recambios
reproductivos rapidos, son especies sensibles a la variaciones ambientales y
al cambio climéatico impulsado por variaciones climaticas de gran escala

(Nakayama et al., 2017; Canales et al. , 2020; Molina-Valdivia et al., 2020).

Las caracteristicas ambientales varian latitudinalmente entre las dos zonas
de estudio (desde la zona célida del norte de Chile hasta areas mas frias en
la zona centro-sur), lo que repercute también en los rasgos de historia de vida
(por ejemplo, estacionalidad del desove, tamarfio del huevo, el contenido de

lipidos y proteina, el éxito de eclosion, tasas de crecimiento larvario, etc)
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(Llanos-Rivera & Castro 2004, 2006; Castro et al., 2009; Claramunt et al.,
2014; Castro et al., 2020). La zona norte de Chile se caracteriza porque el
aporte de agua dulce al sistema marino costero es casi nulo durante la mayor
parte del afio debido a la ausencia de lluvias. Por el contrario, en la zona
centro-sur, la entrada de agua dulce es estacionalmente marcada, con un
input mayor durante el invierno y una disminucién mas tarde en primavera-
verano. Se sabe que la escorrentia, y el aporte de los rios afecta los diversos
procesos fisicos, quimicos y bioldgicos que ocurren en la columna de agua
de regiones costeras (Masotti et al., 2018; Saldias & Lara 2020), afectando
con ello a especies pelagicas, sus presas y su composicion isotopica (Castro

et al., 2020).

Diferencias latitudinales y estacionales en las condiciones ambientales
afectan distintamente los ecosistemas marinos a lo largo del SCH,
provocando cambios en la disponibilidad del plancton y en las fuentes
alimenticias de las especies forrajeras. Diversos estudios troficos han
evaluado la dieta de E. ringens y S. bentincki en el SCH (Arrizaga et al. 1993,
Espinoza & Bertrand 2008; Medina et al. 2015, Nufiez et al. 2018). Sin
embargo, la mayor parte de estos estudios se basan en técnicas tradicionales

de anélisis de contenido estomacal, que Unicamente representan el periodo
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entre la ingestion y la digestion del alimento (escala de tiempo corta, horas)
(Petersen y Fry 1987; Hobson et al., 1996; Madirolas et al., 2000), y no
identifica los componentes que realmente son asimilados por los organismos
en distintos tiempos de integracion (Duffy y Jackson 1986). Recientemente,
estudios de andlisis de isétopos estables (IE) de Carbono (5*3C) y Nitrégeno
(8°N) en la zona (Espinoza et al. 2017; Pizarro et al. 2019), han permitido
ampliar nuestra comprension de las relaciones troficas de los PPP en el SCH.
Especificamente, los is6topos de 8°N son buenos indicadores del nivel
tréfico de las especies, mientras que los valores de §'3C indican ciertas
caracteristicas del habitat, posibilitando la discriminacion entre diferentes
fuentes de produccion primaria y con ello seguir posibles variaciones
estacionales o explorar diferencias espaciales entre localidades (Fry 2006).
Ambos isétopos en conjunto, permiten estudiar diferentes aspectos troficos
de las especies y el ecosistema, caracterizar relaciones interespecificas y
calcular el espacio o nicho tréfico de los organismos (Layman et al. 2007,

Jackson et al. 2011).

Estudios sobre la composicidn isotopica en peces costeros de Chile sefialan
diferencias entre especies y posiblemente entre poblaciones. Sin embargo,

estos estudios no han podido determinar diferencias troficas estacionales, ni
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su relacidn con las condiciones ambientales propias del SCH, debido a que
no lograron obtener un numero de muestras consistentes durante las
diferentes estaciones del afio, o un lapso de tiempo considerable, utilizaron
diferentes tejidos y fuentes basales para el calculo por ejemplo de la Posicion
Trofica, entre otras limitaciones (Espinoza et al., 2017, Pizarro et al., 2019,
Wiesebron et al., 2022, Carcamo et al., 2024). De este modo, a pesar de estos
avances sobre componente tréfica de los PPP en diferentes zonas del SCH,
sigue existiendo un importante desconocimiento de muchos aspectos
asociados a la ecologia trofica de E. ringens y S. bentincki. La diferencia
latitudinal y el efecto de las condiciones ambientales sobre las fuentes
alimenticias, la variabilidad trofica estacional de estas especies y los
mecanismos tréficos que posibilitan la coexistencia de E. ringens y S.
bentincki en la zona centro-sur de Chile, sobre todo en épocas con poca
disponibilidad de alimento, son sélo algunos de los aspectos que siguen

siendo poco conocidos.

Para avanzar en la comprension de estas problematicas y determinar el rol
trofico de estas especies en el ecosistema costero pelagico, esta tesis empled
métodos basados en el analisis de iso6topos estables de carbono y nitrégeno

(813C y 8N) para evaluar aspectos esenciales de la ecologia tréfica de
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anchoveta y sardina comdn (amplitud y solapamiento del Nicho Isotdpico,
su variabilidad estacional y la relacion con variables ambientales) durante
las 4 estaciones del afio, en dos zonas del SCH (norte de Chile (Iquique, 20°
S) y centro-sur de Chile (Talcahuano, 36° S)). Este estudio consider6 de
manera complementaria el muestreo de Material Organico Particulado
(POM) desde la columna de agua y de organismos zooplanctdnicos
esenciales en la dieta de estas especies forrajeras (Copépodos), informacion
clave para entender la dinamica estacional de la trama tréfica marina

pelégica.

Planteamiento del problema

Las variaciones latitudinales y estacionales en las condiciones ambientales y
oceanograficas a lo largo del ecosistema costero chileno (una zona norte mas
calida, con mayor estabilidad en las condiciones de surgencia costera y un
aporte minimo de rios, mientras que una zona centro-sur con marcada
estacionalidad en la surgencia costera, con eventos mas intensos durante
primavera y verano, ademas de un alto aporte de agua dulce proveniente de

fuentes terrestres como rios) han mostrado influir en la composicion
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isotépica de algunos grupos taxondmicos (copépodos) que constituyen
presas potenciales de anchovetas en la zona centro y sur del SCH. Estas
diferencias isotopicas han sido reportadas adicionalmente en estadios
tempranos (huevo y larvas) de anchoveta (Castro et al., 2020) lo que sugiere
que la oferta alimenticia para los adultos de peces podria determinar la
composicion isotdpica de sus tejidos y determinar las variaciones tanto
estacionales asi como inter-poblacionales (latitudinales), aspectos que aun
no han sido comprobados. El presente estudio propone las siguientes

hipdtesis:
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HIPOTESIS

H1: Los valores isotopicos de 8*C y §°N en componentes base de la trama
trofica que sostienen a Engraulis ringens (POM, Copépodos) difieren
latitudinal y estacionalmente entre zonas, debido a la diferencias geograficas

y ambientales de cada zona.

H2: Los valores isotdpicos (8*C y 8°N) de Engraulis ringens, presentan
menor variabilidad inter-estacional en la zona centro del SCH o norte de
Chile, debido a la menor variabilidad ambiental de la zona, mientras que en
la zona centro del SCH o centro-sur de Chile existira una notoria variabilidad
inter-estacional en los valores de 8°C y 8°N de anchoveta, debido a la

condicidn estacional que caracteriza la zona.

H3: La amplitud y solapamiento del Nicho Isotépico difiere inter-
estacionalmente entre Engraulis ringens y Strangomera bentincki de la zona
centro—sur de Chile, lo que facilitaria su coexistencia, especialmente en

periodos con menor disponibilidad de alimento.
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OBJETIVOS

2.1 Objetivo General

Evaluar aspectos esenciales de la ecologia tréfica de Engraulis ringens y
Strangomera bentincki, durante las 4 estaciones del afio entre dos zonas del
SCH (norte de Chile (lquique, 20°S) y centro-sur de Chile (Talcahuano,

36°S)), mediante la utilizacion de is6topos estables de §*C y §*°N.

2.2 Objetivos especificos

> 1- Determinar la variabilidad isotépica estacional de §*C y °N los
diferentes grupos funcionales de la trama tréfica (POM, Copépodos y

Peces) en ambas zonas del estudio.

> 2- Utilizando los valores de 8°N calcular la Posicion Trofica (PT) de
E. ringens y S. bentincki durante las 4 estaciones del afio en las dos

zonas de estudio.

» 3- Determinar la amplitud y solapamiento del Nicho Isotopico de E.

ringens y S. bentincki durante las 4 estaciones del afio.

» 4- Relacionar y contrastar estacionalmente las sefiales isotdpicas de
513C y 3°N de ambas especies con las variables oceanogréficas de las

dos zonas de estudio.
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ABSTRACT

To improve the understanding of aspects of the trophic ecology of anchovy
and common sardine in two areas of the Humboldt Current System (central
HCS (20°S) and south HCS (36°S), north and central Chile) we evaluating
their seasonal trophic variations and their trophic niche overlap using the
stable isotopes 83C and &°N. In addition, the inter-seasonal variability of
stable isotopes at different levels of the food web up (POM, copepods, fish)
were related the variations of local environmental conditions. The results
show that the anchovy from both zones showed narrow ranges of 6°C
seasonal variations (central HCS: - 17.5%o to -17.85%o ; south HCS: -
15.53%0 to -15.85%0) but marked differences between zones. Anchovies
from the north HCS zone showed a wider inter-seasonal range in *°N values
(central HCS: 16.68%o to 20.72 %o; south HCS: 16.70%0-17.59%o) as well as
a wider trophic amplitude (shown by the size of the isotopic niche) compared
to anchovies at the south HCS zone. In the south HCS zone, the isotopic
values of common sardine and anchovy, showed scarce inter-seasonal
variability and relatively stable trophic positions during the year (TP

anchovy: 3.15 - 3.43, TP common sardine: 3.08-3.28), being those of
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common sardine slightly lower than in anchovy. However, the size of the
isotopic niche in both species changed inter-seasonally, as did the trophic
overlap between them, being winter (low plankton abundance), the period of
year with the lowest trophic overlap between species suggesting a trophic

partitioning to overcome periods of reduced food availability.

Key words: Small Pelagic Fishes, Trophic ecology, Stable isotopes,

Upwelling, Humboldt Current System.

1. INTRODUCCION

The Humboldt Current System (HCS) is the most productive eastern
boundary upwelling system in the world (Oerder et al. 2015). The
environmental and oceanographic conditions that characterize this
ecosystem have facilitated intense fishing activities along the coasts of Chile
and Peru (FAO 2024). One of the most important fisheries worldwide is
supported by the exploitation of Small Pelagic Fish (SPF), mainly Engraulis
ringens, which in terms of catch represents the most important monospecific

fishery worldwide (FAO 2024).
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In Chile, E. ringens (anchovy) and Strangomera bentincki (common sardine)
are ecologically important due to their role in structuring the coastal pelagic
community and economically because they support an intense fishery
(Cubillos et al. 2007a, Canales & Cubillos 2021). Both pelagic fish species
play a key ecological role in the trophic webs of upwelling ecosystems (Cury
et al. 2000), as they represent the main pathway in the flow of energy from
lower and middle trophic levels to higher ones (Pikitch et al. 2012, Hilborn
et al. 2017). Understanding the interactions of these forage species is
fundamental for assessing the dynamics of their marine populations which

is key for their sustainable management.

The anchovy has a wide latitudinal distribution range along the HCS, ranging
from northern Peru (Zorritos 4° 30'S) to south Chile (Chiloé 42° 30'S)
(Claramunt et al. 2012). Three main stocks can be recognized throughout its
range: the largest is found in northern Peru, followed by shared central stock
from southern Peru - northern Chile and finally, the southern and smallest in
central-south Chile. Evidently, the environmental characteristics vary
significantly along the wide latitudinal range, from a warm subtropical

region in the north to a cold fjord system in northern Patagonia. In contrast,
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the common sardine has a much more restricted distribution in central-south

Chile, from Coquimbo (29°S) to Puerto Montt (42°S) (Cubillos et al. 2001).

Fluctuations in environmental conditions at different time and space scales
affect the dynamics of these marine resources. Particularly, SPF are species
sensitive to environmental variability during all stages of their life cycle
(Cubillos et al. 2007a, Castro et al. 2009, Canales et al. 2020, Castro et al.
2020). Along Chile, environmental conditions change latitudinally from the
northern zone, characterized by continuous upwelling during most of the
year that cause a favorable feeding environment for SPF (Blanco et al. 2001,
Fuenzalida 1990), almost inexistent rain precipitations and very scarce river
inputs to the coastal zone, to a central-south zone with a marked seasonality
in environmental conditions, with intense coastal upwelling events during
spring and summer, and with a significant input of freshwater flows from

rivers in winter (Gutiérrez et al. 2012, 2017, Saavedra et al. 2014).

The diverse environmental characteristics that affect coastal marine
ecosystems along the HCS drive changes in the food sources for these forage
species. Initial trophic studies assessing the diet and feeding of these fishes

revealed a high consumption of phytoplanktonic (numerically) (Arrizaga et
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al. 1993, Espinoza & Bertrand 2008, Medina et al. 2015, Nufiez et al. 2018).
However, recent studies have complemented traditional stomach content
analysis techniques with stable isotope (SI) analyses have been able to
determine that zooplankton organisms are much more important in the diet
in terms of carbon assimilated (Espinoza et al. 2017, Pizarro et al. 2019).
Despite these advances, several aspects of the trophic ecology of E. ringens
and S. bentincki remain unclear, for instance, their seasonal dynamics, the
effect of oceanographic conditions, and the trophic interactions between

these co-occurring species.

The use of nitrogen and carbon stable isotopes allows the study of trophic
relationships over relatively long periods of time, depending on the
assimilation rate of organisms (Martinez del Rio et al. 2009). Specifically, &
>N may be used to assess the trophic level of the species, while & 1*C may
be used to discriminate between different sources of organic carbon derived
from primary producers and thereafter, reveal seasonal variations in carbon
consumed by SPF or explore differences between localities (Fry 2006).
When used together it is possible to study trophic aspects of the species and

of the ecosystem such as characterizing interspecific relationships,
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estimating the trophic space or niche overlap among organisms (Layman et

al. 2007, Jackson et al. 2011).

In central-south Chile, anchovy and common sardine cohabit and are
considered a mixed fishery, with high biomass discharges throughout the
year sustained by high levels of primary productivity induced by coastal
upwelling and nutrient inputs to the photic layer mainly during spring and
summer (Chavez et al. 2008). Aspects of the trophic ecology of these SPF
and the seasonal dynamics of food sources are key aspects to determine the
trophic mechanisms that facilitate their coexistence, especially in times of
lower food availability (autumn and winter). Although previous studies have
applied stable isotope analyses in small pelagic fishes along the HCS, no
studies have assessed the seasonal variability of 63C and &N in adult
fishes, their food sources and their relationship with environmental variables
along the year. Variations of the trophic position (TP), trophic amplitude,
and trophic overlap during the year may be relevant aspects to elucidate their

coexistence and the sustainable management of the fishery.

This study utilized carbon and nitrogen stable isotopes (§3C and 8°N) to

determine three aspects of the trophic ecology of anchovy and common
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sardine (trophic position, amplitude and overlap of the Isotopic Niche (IN)),
and their relationship with environmental variables during 4 seasons, in two
areas of the HCS: central HCS (Iquique, 20°S) and south HCS (Talcahuano,
36°S) in Chile. We hypothesized that, because of the seasonal variations in
oceanographic conditions of the south HCS (ie. coastal upwelling,
freshwater input from rivers, etc.), there will be a wider inter-seasonal
variability in the isotopic values of potential food sources and in anchovy
and common sardine in this south HCS zone, while in the central HCS zone
the inter-seasonal isotopic variability will be narrower due to the more stable
oceanographic conditions during the year. The information generated is
relevant to understand the potential impact on these species and their
phenology in a context of global change where environmental conditions
have already been reported changing, particularly in the south HCS (central
Chile: extension of the upwelling season, extreme droughts leading to
decreased river inflows, and increased frequency of extreme environmental
events such as atmospheric rivers and heat waves) (Silva et al. 2016,

Oyarzun & Brierley 2019).
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2. METHODS

2.1 Area of Study

Two coastal zones along the Humboldt Current System (HCS) were sampled
seasonally along the Chilean coast. A central HCS zone (20°S, Iquique) is
characterized by a narrow continental shelf, almost no river input to the coast,
relatively stable environmental conditions throughout the year (Blanco et al.
2001) and coastal upwelling during most of the year with greater intensity
during the summer months. In contrast, the central HCS zone (36°S,
Talcahuano) includes wider continental shelf (~ 65km), a coastline with bays
of different extensions, mouths of important rivers, deep submarine canyons
and seasonal environmental conditions that include intense upwelling events
during spring and austral summer and a coastal convergence (downwelling)
due to the weakening of the southerly wind during autumn and winter, and
increased precipitations and river flows especially in winter (Sobarzo et al.

2007; Gutierrez et al. 2017).
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2.2 Environmental conditions

Profiles of hydrographic characteristics of the water column were obtained
in each zone at 3 hydrographic stations using a Seabird 19 plus profiler
(CTD). Additionally, to describe the annual cycle of environmental
conditions and to visualize differences between sampling locations, data on
sea surface temperature (SST), chlorophyll-a (Chl-a) and wind speed and
direction at 10 m from sea level (Win10) were analyzed from October 2021
to September 2022 (study period). Daily satellite data from the U.S.
Copernicus Marine Service Information program

(https://data.marine.copernicus.eu/) for SST (Ostia product, Good et al.

2020) and Chl-a (CMEMS GlobColour product, Garnesson et al. 2019) with

4 x 4 km spatial resolution were used to obtain seasonal averages.

Additionally, hourly zonal and meridional reanalysis wind data from the
ERAS atmospheric product

(https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/erab) with

a spatial resolution of 0.25° were used. The annual spatial cycle of SST, Chl-
a and Winl0 (speed or magnitude and direction) was calculated from

seasonal averages considering Summer (January-March), Fall (April-June),
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Winter (July-September) and Spring (October-December), the same seasons
considered during the collection of biological samples in the cruises.
Additionally, the monthly variation of SST, Chl-a and the upwelling index
(from Win10) was analyzed for both sampling locations (lquique and central
and south HCS) by averaging all pixels located within the quadrants shown
in Fig. 2 and 3. The upwelling index was obtained following Bakun (1973)

and Bakun & Nelson (1991):
Ty = Pair * Cqg *V xv

Where 1, is the meridional wind stress, pair is the air density (1.22 kg m),
Cd is the empirical drag coefficient calculated following wind speed intervals
according to Trenberth (1990), V is the wind speed or magnitude (in m s-1)
and v is the meridional wind component (in m s1). The upwelling index (U,
m? 51 x 1000 m) was estimated from the zonal Ekman transport per 1000 m

of shoreline according to:

Ty
Ul =—————
pwater * f

Where 7, is the meridional wind stress, pwatr represents the mean seawater

density (1025 kg m=) and f is the Coriolis parameter corresponding to the
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latitudes of Iquique (f = 5.022 x 10~ s*) and Talcahuano (f = 8.651 x 10> s’

l).

2.3 Sampling

2.3.1 Fish collections

A total of 356 individuals of anchovy and common sardine were collected
during the spring 2021, summer, autumn and winter of 2022 (the same
months in which the hydrographic cruises were conducted) (Table 1).
Approximately, 30 specimens per species were collected from the fishing
hauls (central HCS: anchovy; south HCS: anchovy and common sardine),
trying to obtain a wide range of adult fish sizes. The specimens were frozen
and stored at the Facultad de Recursos Naturales Renovables de la
Universidad Arturo Prat (Iquique), and at the Laboratorio de Oceanografia
Pesquera y Ecologia Larval (LOPEL) of the Universidad de Concepcion, in

Concepcion.
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2.3.2 Seawater and zooplankton samples collection

During each season (spring 2021, summer, fall and winter 2022), cruises
were conducted for seawater samples for particulate organic matter (POM)
determinations, mesozooplankton sampling, and for obtaining profiles of

hydrographic characteristics of the water column.

For POM, seawater samples from 10 and 20 m depths were collected using 5
liter Niskin bottles. A volume of 2.5 liters of seawater were filtered for each
depth (2.5L at 10 m and 2.5L at 20 m) at each station, using GFF filters (0.7

KUm pore size, pre-combusted). All filters were immediately frozen at -80°C.

Mesozooplankton samples were collected at each station by means of
oblique zooplankton stows from the surface to approximately 30 meters
depth, using a standard Bongo net of 60 cmmouth diameter, with a 300pum
mesh size, with a flowmeter. Two net casts were made for each sampling
site, obtaining a total of 4 cod ends per site. The contents of one cod end
were preserved in a 5% seawater formalin solution buffered with sodium

tetraborate (borax). These samples were used for taxonomic identification of
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mesozooplankton functional groups. The contents of the other 3 remaining
cod ends were utilized for stable isotope analyses. The water of these cod
ends was removed using a 300um sieve, and then the zooplankton was stored
in 80 ml vials, frozen at -20°C on board and then (approximately 12 hours

later) transferred to -80°C freezer in the laboratory.

2.4. Laboratory analyses

2.4.1. Samples for stable isotope analysis

Samples for stable isotopes determination (carbon and nitrogen) were
obtained from fish musculature, mesozooplankton groups and particulate
organic material (POM). The fish were measured (total length) and weighted
(wet weight, WW), then a piece of dorsal musculature (1 cm?, aprox.) was
extracted and dried for 48 hours in an oven at 60°C, and then using a
porcelain mortar, a fine powder was obtained that allowed weights in a
micro-balance around 1.25 mg of tissue, which was then encapsulated in tin

capsules.

The mesozooplankton samples were thawed and later, using a stereoscopic,

the main taxonomic groups were identified and sorted. The number of
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individuals separated varied depending on the taxonomic group and body
size following the recommendations of stable isotopes laboratory (see
below). The separated taxonomic groups were dried in an oven at 60°
Celsius for 48 hours. Using a porcelain mortar, the dried samples were
grounded to a fine powder which was then encapsulated in the tin capsules.
All samples were weighed on an electronic microbalance and stored in 98-
unit plates until sent for bulk isotope analysis (**C and *°N) at the University

of California at Davis Stable Isotope Facility (SIF) (Davis, California, USA).

All samples were analyzed by Isotopic Ratio Mass Spectrometry (IRMS).
The isotopic composition was obtained using a PDZ Europa ANCA-GSL
coupled to a PDZ Europa/ Sercon 20-20 isotope ratio mass spectrometer.
Isotopic values were expressed in delta () values, which denote a difference
between the sample value with respect to a known standard value (Criss
1999, Fry 2006). The isotopic compositions of the standards were expressed

in parts per thousand (%o) according to the following expression:
8 x = [ (R sample / R standard -1)] * 103 (1)

Where x is 13C or *N, and R corresponds to the heavy isotope/light isotope

fraction (**C/*2C or ©*N /**N) in the sample and standard, respectively. The
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standards used are Pee Dee Belemnite (PDB) for *C and atmospheric

nitrogen for N (Werner & Brand 2001).

To the 3*3C data obtained from fish tissues, an arithmetic correction was
performed to minimize the effects of the presence of lipids, which causes an

enrichment of the 5!2C values (Post et al. 2007).
83Ccorrected = 83Csample - 3.32+ 099« C: N (2)

Where the sample §'C corresponds to the carbon value obtained from the
fish tissue, C:N is the carbon:nitrogen ratio and *3Ccorrected is the resulting

carbon value of the samples after applying the correction formula.

The isotopic results were entered into the editor program Notepad++, and
then statistically analyzed in R Studio program(R Core Team 2019). Carbon
(3C) and nitrogen (8°N) isotopic values of functional groups were
compared between study areas, and inter-seasonally during the year.
Normality and homogeneity of variance of the data were determined using

the Shapiro-Wilks test.

2.4.2 Trophic Position
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To estimate the Trophic Position (TP) of both fish species, nitrogen isotopic
values (8°N) from the base of the trophic web are required. However,
organisms as primary producers can vary significantly in §*C and &N
values both among species and at spatial/temporal scales (Post 2002,
McCutchan et al. 2003). For the calculation of TP in our study, a primary
consumer (copepods) was utilized, as they are known to be a key component
in the diet of these pelagic fishes (Espinoza et al. 2008) and of high
abundance in the study areas. Accordingly, the TP of the species was

calculated as described by Post (2002):
TP predator = 2.5 + (3°N predator - 3°N base) / TF  (3)

where, (2.5) represents the trophic position considered for the primary
consumer. Because copepods mostly have an omnivorous diet (Boyd et al.
1980), we assumed that their base value was 2.5 (Espinoza et al. 2017). The
predator 8!°N are our fish 8°N values and the base §°N are the §°N value
of the primary consumer (copepods), and TF was the trophic fractionation

factor for general organisms (Post 2002), 3.4 + 0.98 for §°N.

2.4.3 Isotopic Niche and overlap between species
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As a way to visualize the feeding variability of both fish species as well as
to assess possible trophic interactions between species, we estimated the
isotopic niche area (as a simile of the trophic niche of each species) and the
seasonal niche overlap between species. The isotopic niche and its overlap
were estimated based on the probabilistic method of Swanson et al. (2015).
This method is not sensitive to variations in sample size and is available as
the R package 'nicheROVER'. It uses Bayesian methods to calculate
probability distributions of overlaps between the isotopic niche space of

species A versus species B, and vice versa (Swanson et al. 2015).

In 'nicheROVER', overlap estimates were made for 10,000 iterations and
incorporated 95% of the data to represent overlap in the total niche trophic
space. Selection of the proportion of data included in the niche estimates
does not affect relative comparisons of niche size between species; however,
it can greatly influence estimates of relative niche overlap. Therefore, the
total trophic niche (i.e., ellipses incorporating 95% of the data) was used to
calculate relative niche overlap and account for individual variability in the

sampled population (Shipley et al. 2019). Values were grouped by species
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and station to assess isotopic niche and percent isotopic overlap (for each

study area).

3. RESULTS

3.1 Environmental conditions

The winter (July-September) SST was around 16°C in the central HCS zone
and 12°C in the south HCS zone, a predominantly cold season when
horizontal thermal gradients are not clearly observed, particularly in the
south HCS. Spring (October-December) can be considered a transition
period from a cold to a relatively warmer period in summer (more clearly
observed in the central HCS zone) while the autumn (April - June) is a

transition back from warm to cold temperatures (Fig. 2a).

Relatively colder surface water was observed at the coastal zone from
October to June in both regions, generating a marked thermal front restricted
towards the coast, particularly in the central HCS zone (Figs. 2a and 3a). The
extension offshore of the coastal cold water and duration of the frontal

structure between regions, plus the mean highest and lowest monthly
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temperature differ between the central and south HCS. However, the months
when the average maxima (January in both zones; 21.5 and 14.5°C,
respectively) and the average minimum occur (September, 16.1 and 11.8°C
respectively) are similar (Fig. 2a and 3a). These seasonal variations in SST
be attributed to variations in the net surface heat flux, dominated by solar
radiation, which shows a marked annual cycle with a maximum heat flux
(about 200 W ™2) in January (summer), while from May to July (winter) the
ocean loses heat at the ocean-air interface between May and August. The
formation of horizontal thermal fronts, in turn, may be attributable to the
dynamics of coastal upwelling induced by winds from the south parallel to
the coast. The intensity of these winds throughout the study regions is closely
linked to the seasonal dynamics of the South Pacific Subtropical Anticyclone
(SPSA). In the central HCS zone, no important seasonal variations in the
wind are observed, with southerly winds predominating throughout the year
(Fig. 2b) that support a moderate upwelling indexes around -350 m? st x
1000m throughout the entire year (Fig. 2c). In the south HCS, on the other
hand, an important seasonality is observed with south winds parallel to the
coast that favor upwelling mainly during spring and summer with more

intense upwelling indexes around -500 m? s x 1000m (Fig. 3b, Fig. 3c).
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During the austral winter from June to August, when the ASPS migrates
north, the south component of the wind weakens and the direction of the
coastal winds reversed in June and July in the south HCS zone, leading to
coastal convergences (upwelling index greater than 0) that characterize the

coastal zone of central Chile (Fig. 4c).

The Chl-a values showed a marked seasonality in the south HCS with
comparatively low concentrations during the austral autumn-winter
(between April and July; <4 mg m) and a highly productive coastal strip in
spring and summer (between October and February; > 8 mg m) (Fig. 3b,
Fig. 4b). In contrast, in the central HCS zone the moderate and permanent
upwelling generates a coastal productive band of narrower extension
offshore throughout the year (Fig. 4c), without marked seasonality and

concentrations around 3.5 mg m3,

3.2 Small Pelagic Fishes

A total of 236 anchovies were measured, weighted and dissected for stable
isotope analyses: 116 from the central HCS zone and 120 from the south

HCS zone (Table 1).
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From the central HCS, the average anchovy body lengths varied between
12.09 £ 0.96 cm (summer) and 13.23 £ 0.98 cm (spring), while their weight
fluctuated between 11.92 + 2.57 g (summer) and 20.40 + 3.99 g (spring).
From the south HCS zone, the larger average anchovy sizes and weights
were also recorded during spring (~ 17.25 = 0.90 cm and ~ 41.10 + 6.85 Q)
and the lowest during autumn (14.43 + 1.03 cm and 13.79 + 2.98 g,
respectively). Comparing between locations, anchovies analyzed from the

central HCS zone were smaller than those from the south HCS zone (Fig. 4).

Out of the 120 common sardines measured and weighted for stable isotope
analyses in the south HCS (Table 1), their average body sizes and weights
were also higher in spring, varying during the year between 12.37 £2.19 cm
(autumn) and 15.75 £ 0.98 cm (spring), and between 18.62 + 10.61 gr and

38.44 + 6.24 gr in autumn and spring, respectively.

Comparing between species in the central-south zone, the anchovy
specimens were larger (in size and weight) compared to those of the common
sardine, and in both species a similar pattern of seasonal variation in size

was evident during the year (larger sizes in spring and smaller in autumn)

(Fig. 4).
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3.3 Stable isotopes

More impoverished mean seasonal §**C values were observed in anchovy at
the central HCS zone, compared to the south HCS zone (Table 2, Fig. 5). In
contrast, more enriched mean seasonal values of 6°N were observed in the
central HCS zone compared to the south HCS zone, except during spring

where the values were similar (Table 2, Fig. 5).

In the central HCS zone, §'C values in anchovy varied slightly between
seasons (Kruskal-Wallis, p<0.05). The main differences occurred between
autumn-winter and spring-winter (Mann-Whitney U, p<0.05) (Fig. 5). The
values of 3°N in anchovy from the central HCS zone also varied between
the seasons (Kruskal-Wallis, p<0.05), with higher values during summer and
autumn (Table 2). Only between summer-autumn there was no significant
difference. The change in mean seasonal §*°N in anchovy in the central HCS

zone was more marked than in the south HCS zone (Fig. 5).

No seasonal differences were observed in the 8*3C values between common
sardine and anchovy in the south HCS zone, except during winter (Mann-
Whitney U, p<0.05) (Fig. 5). However, more enriched values of §°N were

observed for anchovy individuals (in all seasons of the year) compared with
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those of common sardine in this south zone (Kruskal-Wallis, p<0.05). The
Mann-Whitney U test showed that significant differences between species
occurred during winter and spring (p<0.05) while during summer and
autumn the 6*°N differences between species were not detected (p=0.22, and
p=0.35, respectively). 3N values varied (Kruskal-Wallis, p<0.05)
throughout the year in both species. In anchovy, the inter-seasonal difference
was marked between autumn-rest of the year (Mann-Whitney U, p<0.05),
while in common sardine it was also given by autumn-rest of the year and

also between winter-summer (U Mann-Whitney, p<0.05).

POM and primary consumer (copepods) presented more impoverished §°C
and 8°N values compared to fishes in both study areas (Fig. 6 and 7). The
513C values in POM showed a wider intra-seasonal variability in both zones
(more marked in the south zone) compared to the variability in small pelagic
fishes (Fig. 6 and 7). The §!3C values in POM and copepods followed a same
seasonal trend (higher values in spring and lower in autumn) between the
central and south HCS areas. The 6*°N values in POM and copepods were
higher in the south HCS zone than in the central HCS zone, and in both zones
the seasonal trend (lower levels in spring and higher in autumn) was opposite

to that of §!3C, with fluctuations in copepods following the same seasonal
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trend as the 8°N values in POM in both zones (except in summer in the

central HCS zone).

3.3.1 Trophic Position (TP)

The estimated TP values varied inter-seasonally depending on the study area
and the type of base (POM, copepods) of the trophic web used. In the central
HCS zone, the anchovy mean TP range varied between 2.52 (spring) and
4.09 (summer) when copepods were used as a base source (using POM as a
base source, the values varied between 1.70 and 2.55) (Table 2). In contrast,
in the south HCS zone the highest anchovy TP values were recorded in
spring (3.43) and the lowest values during summer (3.15) (considering POM
as the primary source, TP varied between 2.84 - 3.52). Comparing between
areas, the TP of anchovy in the south HCS zone were higher than the TP in
the central HCS zone during spring, autumn and winter, and only in summer
the TP values in the central HCS zone were higher than those in the south

HCS zone (Table 2).

For common sardine, the seasonal TP range was narrower than for anchovy,

with value varying between 3.08 and 3.28 (using POM a base, values ranged
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between 2.77 - 3.28). Comparatively, the TP of anchovy in the south HCS
zone were higher than those of common sardine during the four seasons of

the year regardless of the base used.

3.4 Isotopic Niche and overlap between species

The Isotopic Niche sizes calculated for anchovy in the central HCS zone
varied between 7.98 + 1.44 (spring) and 11.26 + 1.84 (summer), while in
autumn and winter the values remained relatively similar at an intermediate
niche size (Fig. 8A). The elliptical projections of the isotopic niches also
varied between season (Fig. 8B), with spring and summer ellipses being the
most different between seasons. The isotopic niche values calculated for
anchovy in the south HCS zone were lower compared to the central HCS

zone during all seasons.

In the south HCS zone, the differences between seasons were less marked
compared to the northern zone (Table 3). The anchovy isotopic niches had
the largest sizes during winter (3.39 + 0.65) and the smallest during spring
(2.30 = 0.42). In common sardine, the isotopic niche varied from (2.79 +

0.52) in autumn, to (1.83 £ 0.35) during summer (Table 3).
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The trophic overlap (%) between anchovy and common sardine in the south
HCS zone varied inter-seasonally (Table 3). In summer and autumn occurred
the highest trophic overlap of the anchovy isotope ellipses (68.87% and
78.35%) and the common sardines’, while the lowest occurred in winter
(30.62%). In general, the isotopic niche of common sardine was seasonally
smaller than that of the anchovy. The isotopic niche overlap of common
sardine versus anchovy exceeded 80% during summer, autumn and winter,
while in spring it only reached 57.05% (Table 3). Consequently, especially
during winter and spring anchovy and common sardine tend to use different
trophic spaces and separate their trophic niches (Fig. 9). On the contrary,
during summer and autumn both species tend to use similar trophic spaces
(as revealed by °3C and °'>N) and the isotopic niche ellipses are closer and

overlapping each other (Fig.9).
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4. DISCUSSION

This study, through the use of stable isotopes §*C and 6°N, sought to
improve the understanding of aspects of the trophic ecology of anchovy and
common sardine in two areas of the HCS (central and south HCS, north and
central Chile) by evaluating their seasonal trophic variations and their
isotopic niche overlap. In addition, the inter-seasonal variability of stable
isotopes at different levels of the food web up to both small pelagic fishes
were related the variations of local environmental conditions. The results
show that the anchovy from both zones showed narrow ranges of §3C
seasonal variations but marked differences between zones. Anchovies from
the north HCS zone showed a wide inter-seasonal range in 3*°N values as
well as a wider trophic amplitude (shown by the size of the isotopic niche)
compared to anchovies at the south HCS zone. In the south HCS zone, the
isotopic values of common sardine and anchovy, showed scarce inter-
seasonal variability and relatively stable trophic positions during the year.
However, the size of the isotopic niche in both species changed inter-
seasonally, as did the trophic overlap between them, being winter the period

of year with the least trophic overlap between species occurred.
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4.1 Variability of 83C in fish and the food web

Our results showed that the POM and copepods followed a similar §3C
seasonal trend in both areas studied (spring enrichment). In addition, the
northern zone presented more impoverished mean values of 3*3C in the three
food web components analyzed (POM, copepods and fish) compared to the
central-south zone during all seasons (Fig. 6). These difference between
areas located at different latitudes is the result of local variations in the
carbon sources that enter the food web associated with large-scale processes
(changes in the position of the South Pacific anticyclone) that generate
latitudinal differences in the wind direction patterns, which in turn produces
changes in the duration and intensity of coastal upwelling at different
latitudes (Aguirre et al. 2018, Castro et al. 2020, Weidberg et al. 2020). In
the central HCS (northernChile), the coastal upwelling process is relatively
continuous throughout the year, inducing an almost permanent entry of deep
waters into the coastal zone. This ocean water is saltier, lower in temperature
and poor in dissolved oxygen as a result of the degradation of organic matter
that occurs in the deeper layers and whose §*3C content is impoverished (Hill

et al. 2006). In the south HCS zone (central Chile), instead, the upwelling is
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seasonal, more intense in spring and summer, a period when primary
production increases to higher values than in the central HCS (Fig. 3B),
driving a strong incorporation of organic carbon of marine origin
(phytoplankton, enriched 8**C) into the system, which masks the low values
of 8*C coming from deep water that emerge at the coast associated with
seasonal upwelling. Complementarily, the complex coastline and the
presence of important bays, as well as the wider extension and shallower
continental shelf, play a role in the contribution of enriched §**C from bento-
pelagic sources (macroalgae), increasing the presence of carbon sources
enriched in 8*3C, this considering that §*C values of marine benthic algae
are approximately 5%o higher than those of phytoplankton (France 1995, Doi
H et al. 2010 Trueman & St Jhon Glew 2019, Castro et al. 2020). Previous
studies in other locations have also reported that the baseline §3C is
generally more enriched in coastal and shallow regions compared to deeper
zones (Fry, 1988, Graham et al. 2010). In the south HCS zone studied, there
is an additional source of organic carbon that enters the coastal area and
which is not almost not present in the central HCS (northern Chile): the
organic carbon from terrestrial origin driven by rivers and runoff. This

organic carbon is very impoverished in §33C (-33%o to -26%o; Castro et al.
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2020) and therefore, might have affected the isotopic values along the
trophic web, particularly in winter. However, the year our study was carried
out coincided with the year of most intense drought that has affected central
Chile for more than 10 years (Garreaud et al. 2017), which reduced river
flows, reaching low historical levels (Castro et al. 2020). The contribution
of carbon from terrigenous origin with a very depleted 6*3C values entering
to the coastal zone the year we studied, therefore, either was too small to
counteract the higher contribution of marine carbon sources or was restricted

to very coastal areas near the river mouths.

Inter-seasonal changes of §!3C in anchovy and common sardine tissues were
less marked than those observed in POM and copepods at both localities,
suggesting that isotopic variability in §*3C tends to decrease with increasing
trophic levels, a trend previously observed also from POM to adult fish and
their eggs (Castro et al. 2020). The 6**C values determined in our study (-
17.8 %0 to -15.5 %0) are within the ranges reported in adult anchovy along
the Humboldt Current System (-18.7 %o to -15.5 %o)). In northern Peru,
Espinoza et al. (2017) reported mean §*3C values of -16.3 + 1.2 %o for the
muscle of E. ringens, and in northern Chile (Antofagasta, 23°S) Pizarro et

al. (2019) reported 3*3C values between -18.7 %o and -16.1 %o also for adult
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anchovy. Huckstadt et al. (2007) reported more enriched values of 8C (-
15.56 %o) off central Chile during the austral spring, and Castro et al. (2020)
reported seasonal values of !°C for the same zone (Talcahuano) between -
18.3 (winter) and -16.79 (spring), while values of -16.88 + 0.59 (winter) for
anchovies from the central HCS (Iquique). The §!3C values we observed,
also fall within the ranges reported for anchovies in other systems such as
for Engraulis encrausicolus (-18.4 + 0.4 %.) in the Bay of Biscay
(Chouvelon et al. 2014), E. encrausicolus (-20.9%o to -18.1%0) and S.
pilchardus (-22.4%o to -18.7%0) in Adriatic Sea (Fanelli et al. 2023), E.
japonicus (-20.6%o0 to -14.2 %o) in Japan (Tanaka et al. 2008), and E.

capensis (-16.2 %o) in Benguela Current (litembu et al. 2012).

Finally, when assessing potential latitudinal effects in E. ringens adults, our
average 83C values in anchovies from the central HCS zone varied between
-17.5 %o and -17.85 %o, while in the south HCS zone they ranged between -
15.53 %o and -15.85 %o, which coincides with the latitudinal variation
observed in POM and Copepods in both zones (more enriched §*3C values
in the south HCS). As mentioned above, these enriched §3C values at all
levels of the food web of the central-south zone (Fig. 6) are apparently the

result of the higher concentration of phytoplankton in the southern area (as
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revealed by the chlorophyll-a images, fig. 3B) and possibly of benthic

macroalgae in the environment, compared with the central HCS.

4.2. Variability of !°N in fish and the food web

The 6*°N values in the different trophic levels (POM, Copepods and fish) in
our study followed a similar seasonal trend in both study areas (except in
summer in the northern area). However, more enriched values of 3*°N in all
trophic components occurred throughout the year the central HCS zone (Fig.
7). The more enriched values of 3*°N in the central HCS zone apparently are
largely due to the permanent presence of a broader and shallower Oxygen
Minimum Zone (OMZ) than in central-south Chile (Morales et al. 1999).
Denitrification processes within the OMZ cause isotopic fractionation in
which bacteria respire isotopically lighter nitrate (§*N) and leave subsurface
nitrate enriched in 8!°N, affecting nitrogen dynamics at lower trophic levels
(Chavez & Messié 2009, Fuenzalida et al. 2009). The enriched 3*°N rises in
the water column due to coastal upwelling (Mollier-Vogel et al. 2012,
Doering et al. 2019) and are absorbed by plankton organisms and transferred

through the trophic web at higher levels. In the south HCS the OMZ is less
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intense and deeper, and hence, the deeper oxycline allows pelagic species to
occur within a broader and more oxygenated shallow layer, without
necessarily be exposed to the low oxygen concentrations (Morales et al.
1999, Fuenzalida et al. 2009) and the nitrogen isotopic fractionation
occurring at the bottom of food web. The enrichment in §°N values of POM,
copepods and fish in our northern area of study (Table 2; Fig. 7) coincides
with previous reports in the same groups and areas (except in winter 2016,
Castro et al.because , 2020)), and the latitudinal decrease of §*°N observed
in sea lions (anchovy predators) along the Chilean coast (Barrios-Guzman et
al. 2024), and also with the latitudinal pattern in §°N observed in sediments
along the coast (18°S to 30°S)(De Pol-Holz et al. (2009). However, the
latitudinal trend here described is not sustained along the entire HCS as
further north (Ecuador - Peru), higher 8°N values in fishes have been
described in areas of high denitrification (Arguelles et al. 2012, Espinoza et

al. 2017, Massing et al. 2022).

A wider inter-seasonal 3N variability was observed in adult E. ringens
tissues in the central HCS zone compared with those from the southern zone
(Fig. 7). The 8N in the central HCS coincides with the enriched values of

5°N reported for the same fish species for that area (Docmac et al. 2017).
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Dietary analyses that could explain inter-seasonal differences in the range of
5N observed between zones have not been conducted yet. However, the
wider -over the shelf- distribution of this species in the south HCS
(Talcahuano area), compared with the narrow distribution in the central HCS
(Iquique), allow anchovies in the later zone to prey on food sources of
different origin (oceanic and/or coastal) (Gonzalez et al. 2019), and therefore,
feed on sources differentially enriched in 8'°N. Previously studies on E.
ringens diet in the central HCS (Iquique) have classified this species as a
generalist utilizing a broad trophic spectrum and showing great plasticity in
its diet (Medina et al. 2015). More recently, Pizarro et al. (2019) observed
that anchovies in northern Chile varied widely in their *°N content according
to their feeding preferences, being able to feed along a diverse trophic
spectrum depending on food availability. Our results showing seasonal
variability in 8°N values in anchovy tissues from central HCS (Fig. 7)
confirm that the diet of these fish can vary locally in a seasonal time scales

and also between areas located latitudinally apart (18° vs. 36° latitude).
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4.3. Baseline and Trophic Positions (TP)

Our study is the first study that reports the inter-seasonal variations of TP of
E. ringens during an entire year, in two latitudinally distant areas, utilizing
functional groups with different trophic positions as base (POM, Copepods).
In both areas, the calculated anchovy TP values were slightly lower when
POM was considered as a baseline, but they followed the same trend as those
estimated using copepods as a baseline (Table Il). From the information
reported to date, no obvious conclusion can be obtained about latitudinal
variations of the anchovy TP along the HCS because there is no uniformity
with respect to the seasons sampled and baselines used to estimate of the TP.
For example, recently, Massing et al. (2022) reported values between 3.0
and 3.4 for anchovy during spring 2018 and summer 2019 along the Peruvian
coast using POM using salps as a base. In the same area Espinoza et al.
(2017) reported values between 3.4 - 3.7 during 2008 (unreported sampling
season) using Copepods as a base. In northern Chile (central HCS) variable
trophic positions (between 2.62 - 4.16) were reported for anchovy sampled
in winter 2008 using POM as a base (Pizarro et al. 2019). In the south HCS

zone, in turn, while Hickstadt et al. (2007) reported anchovy trophic
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positions of 3.63 (spring of 2001 - 2002) using POM as base, Castro et al.
(2020) reported values between 3.03 and 3.37 during the winter of 2016 and

3.34 during spring 2017, utilizing POM as base.

The estimated higher trophic positions of anchovies from the south HCS zone
in our study (Table 2) (except during summer) compared to those of central
zone, are associated with the wider differences in 8*°N between the source
used (Copepods) and the predator (Fish). These results are of interest because
they indicate that copepods from the South HCS zone were incorporating
more phytoplankton (hence, lower 8N) in their diet zone (where
phytoplankton concentrations were higher in spring and summer, see satellite
chlorophyll a images) than copepods at the central HCS (higher §1°N). There
was one season when unexpectedly high trophic positions (TP>4) occurred
in anchovy (summer) in the central HCS zone and these values resulted from
lower-than-expected 8N values in copepods (15.29%o versus more than
16.6%o in other seasons) (Figure 7). Anomalous §3C values also occurred in
copepods in the same central HCS in summer (higher than expected, fig. 6)
and, because, other components of the trophic web such as POM or fishes did
not follow this trend, we believe the zooplankton samples might have been

contaminated with residues of gelatinous organisms that increase in

67



abundance during summer in the central HCS (Pageés et al. 2001, Pavéz et al.
2006).

The results of the present study indicate also that E. ringens in the south HCS
zone have higher trophic positions than S. bentincki during all seasons,
regardless of the base used (POM or Copepods). This suggests that the
common sardine feeds on preys with a lower trophic position compared to
anchovy. Differential trophic resource use among small pelagic forage fish
species such as anchovies and sardines has also been described in other
coastal upwelling systems (Van der Lingen et al. 2006). Other recent studies
in the northern Chilean Patagonia have described small differences in gill
raker spacings, being those of the common sardine narrower than those of the
anchovy, allowing them to access different size fractions of plankton as food
(Wiesebron et al. 2022). Same as in the small pelagic fishes in Patagonia, the
small trophic differences revealed by stable isotopes in our study seem to
facilitate the coexistence of small forage species in the coastal pelagic

environment along the HCS.
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4.4, Isotopic niche and coexistence mechanisms

A trophic niche size about 3 times wider was observed in E. ringens from the
central HCS zone, compared to the southern zone (Table 3). This zonal
difference in E. ringens may be associated with the continuous access to food
due to the year-round upwelling (Fig. 3) as well as the wide east-west
distribution of E. ringens in this former zone, therefore, with access to food
sources of oceanic and coastal origin (Gonzalez et al. 2019). Recently, in the
same area, using stable isotope analysis and mixing models, Pizarro et al.
(2019), observed that anchovy individuals fed on different fractions of
zooplankton, from crustacean larvae to anchovy eggs and larvae, causing
variations in the trophic position of this species, revealing in this way, the
plastic feeding behavior of the species. Our results coincide with Pizarro et
al. 2019 appreciation in terms that the central HCS E. ringens might have
access to different trophic sources, explaining this way their larger isotopic

niche compared with south HCS anchovy throughout the year (Fig. 8B).

In the South HCS, where common sardine and anchovy coexist, there is little
previous information that clarifies the mechanisms that allow their

coexistence, particularly in season of reduced food availability. While
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previous studies describe that S. bentincki feeds preferentially on small prey
associated with phytoplankton (Cubillos & Arcos, 2002), more recent ones
have shown small differences in feeding among cohabitant small pelagic
fishes in the northern Chilean Patagonia during autumn (Wiesebron et al.
2022). Interestingly, in our study the percentage of niche overlap between
common sardine and anchovies varied inter-seasonally (Fig. 9), the highest
values were observed during the summer (Table 4), just when upwelling
conditions were favorable (Fig. 4C) and therefore, when food availability
increased in the system. In contrast, during winter there was a decrease in
the trophic niche overlap between species (Fig. 9 winter). Therefore, our
results suggest that during winter E. ringens and S. bentincki use different
food sources, and thereafter, this generates a separation of their trophic
niches. This finding suggests that during winter when environmental
conditions are unfavorable and there is less food availability, the anchovy
and the common sardine opt for different trophic preferences, in order to
avoid interspecific competition as a coexistence mechanism (Schoener,
1974). Thus, diet partitioning could play an important role in mediating the

feeding dynamics between forage species.
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The results obtained in this study shed light on the inter-seasonal variability
of the food sources that support SPF populations along the HCS and
document these changes in localities located at different latitudes where
contrasting environmental conditions prevail. The inter-seasonal variability
in the values of both stable isotopes (5!3C, 5!°N) in the different components
of the food web studied (POM, copepods, fish) seems closely associated with
oceanographic processes that affect both areas but with different intensity and
duration, modifying the characteristics of the water column (coastal
upwelling, Castro et al. 2020). The anchovy from the central HCS zone
showed a larger isotopic niche than in the south HCS zone, which seems
associated with its wider coast-ocean distribution and a quasi-permanent
upwelling season throughout the year. In the south HCS zone, instead, the
smaller isotopic niche appears to be associated with a shorter high-abundance
feeding season, a narrower coastal distribution, and the presence of other
small pelagic fishes that feed on similar trophic sources. The trophic niche
overlap between anchovy and common sardine in the south HCS zone varied
depending on the time of year (higher in summer and lower in winter)
according to food availability. These results are interesting since they allow

us to understand some of the mechanisms that drive the feeding dynamics
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between populations of the same species in different environments as well as
the differences in the feeding dynamics between species of small pelagic fish
that coexist in the same habitat. Our study is the first that includes seasonal
isotopic variability of two key small pelagic fishes along the central and south
HCS and their relationship with environmental variables. Our study only
considers inter-seasonal isotopic variability over one year cycle and in only
two different zones which does not allow us to evaluate larger spatial scale
trophic changes in the HCS (e.g. northern Peru) nor to expand our
conclusions to longer time scales (El Nifio — La Nifia events, interdecadal
oscillations, global change). Increasing the time scale and incorporating other
study areas are part of the next challenges that we must include in future
studies. However, the results here reported indeed suggests that feeding
behavior (eg. food partitioning under low food scenarios) might be among
the possible factors that modulates the small pelagic fishes resilience to

current and future environmental changes at different locations.
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Table 1. Number of fishes sampled per species, study area and season.
Average length (cm) and total weight (wt) and their Standard Deviations (£
SD) at each season are included.

Central HCS Zone (Iquique)

Specie

Anchovy

Specie

Anchovy

Common
Sardine

Season n Mean length
SD
Spring 30 13.23+0.98
Summer 30 12.09+0.96
Autumn 30 12.59+0.98
Winter 26 1291 +1.07
South HCS Zone (Talcahuano)
Season n  Mean length
SD
Spring 30 17.25+0.90
Summer 30 16.85+1.04
Autumn 30 14.43+1.03
Winter 30 17.18+0.70
Spring 30 15.75%£0.98
Summer 30 14.59x0.78
Autumn 30 12.37x2.19
Winter 30 13.69%1.37

Mean weight

SD

20.40 + 3.99
11.92 + 2.57
13.79 +2.98
14.83 +2.51

Mean weight

SD

41.10 +6.85
38.41 +6.93
20.18 +4.36
34.63 +4.23

38.44 +£6.24
31.30 +£5.43

18.62 + 10.61

22.03 £5.15
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Table 2. Seasonal values (mean + Standard Deviation (SD)) of 5!3C and 5'°N,
C/N ratios, and trophic position (TP) calculated for anchovy and common
sardine obtained at the Central HCS and South HCS zones. Copepod and
POM values are included. Copepods were used as base for the TP
calculations, but TP estimated using POM as base are also included. n=
number of samples.

Central HCS Zone (lquique)

Specie

Anchovy

Copepods

POM

Specie

Anchovy

Common
Sardine

Copepods

Season n d13C 15N
MeanzSD MeanzSD
Spring 30 -17.84 £ 0.52 16.68 £ 0.85
Summer 30 -17.60 + 0.47 20.71 £ 1.42
Autumn 30 -17.85 +0.34 20.72 £ 1.58
Winter 26 -17.50 £ 0.54 18.92 +1.70
Spring 8 -17.93 + 0.58 16.60 + 0.32
Summer 5 -15.59 £ 0.04 15.29 £ 0.09
Autumn 10 -21.52 +1.19 18.89 + 0.55
Winter 9 -21.46 +1.21 17.69 +0.29
Spring 19 -20.90 + 1.63 14.28 +1.30
Summer 13 -22.57 +£1.23 15.81 + 2.50
Autumn 24 -24.28 +2.19 15.46 + 2.66
Winter 12 -23.40 +1.54 14.13 +1.79

South HCS Zone (Talcahuano)

Season n 813C Mean+SD 15N
MeanzSD
Spring 30 -15.85+0.45 16.82 £ 0.33
Summer 30 -15.55 +0.35 16.70 + 0.53
Autumn 30 -15.82 +0.48 1759 +0.41
Winter 30 -15.53 + 0.45 16.86 + 0.45
Spring 30 -15.78 + 0.45 16.30 + 0.34
Summer 30 -15.68 £ 0.38 16.47 + 0.30
Autumn 30 -15.77 £ 0.35 17.29 + 0.54
Winter 30 -16.04 +0.32 16.04 + 0.35
Spring 8 -16.22 + 0.48 13.67 £0.21

CIN
Mean+SD
3.49 £0.23
3.42+0.27
3.34+0.14
3.18 £0.05

5.55+0.53
5.73 +0.02
491+0.43
5.18 +0.58

6.40£1.24
5.98+1.01
6.26 +1.04
6.18 +1.03

C/N
MeanzSD
3.92 £0.58
3.49+0.37
3.30+0.10
3.48 £0.10

481 +1.48
5.94 +0.82
3.79+0.53
3.36 +0.18

5.92+0.75

TP
(2.5)
2.52
4.09
3.04
2.85

TP
(2.5)
3.43
3.15
3.21
3.40

3.28
3.08
3.12
3.16

TP
POM
1.70
2.44
2.55
2.41

TP POM

3.09
2.84
3.03
3.52

2.94
2.77
2.94
3.28
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POM

Summer
Autumn
Winter

Spring
Summer
Autumn
Winter

10

10

12
10

-15.53 £ 0.84
-19.02 + 0.87
-16.38 + 0.47

-20.39 £3.25
-20.76 £ 1.75
-23.78 £ 2.42
-22.24 £ 2.52

14.50 +0.11
15.18 £ 0.24
13.81+£0.20

9.70+£2.10
10.45 + 1.64
10.70 + 2.53
8.29 +2.39

6.97 +1.47
6.78 £0.73
6.10 + 0.37

6.54+0.71
5.50 +0.67
6.03+1.72
6.22 + 2.56
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Table 3. Isotopic Niche area and percentage of probability of niche overlap
(95% of the niche size) between species and during the four seasons of the

year.

Central HCS Zone (Iquique)

Specie Season

Anchovy  Spring
Summer
Autumn
Winter

Isotopic Niche + SD

7.98+144
11.26 +1.84
9.70+1381
9.78+1.90

South HCS Zone (Talcahuano)

Specie Season

Anchovy Spring
Summer
Autumn
Winter

Common Spring

Sardine Summer
Autumn
Winter

Isotopic Niche =+ Overlap

SD (%)
2.30 +0.42 59.13
3.14 +0.59 68.87
3.20 +0.59 78.35
3.39 +0.65 30.62
238 +0.43 57.05
1.83 +0.35 97.69
2.79 +0.52 83.36
2.06 +0.38 85.67
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Figure 1. Area of study (left panel) with the two latitudinally separated
sampling zones (blue squares) in the HCS, a central HCS zone (20°S,
Iquique), and south HCS zone (36°S, Talcahuano). The two right panels
show both zones, and the dashed demarcation within them reflects the area
where all samples (hydrographic data, fish, zooplankton and particulate
organic matter) were collected. The blue scale on the x-axis shows the
bottom depth in meters and the lines near the shore represent the depth
isobaths.
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Figure 2. Seasonal oceanographic variability, A) Seasonal average sea
surface temperature (°C), B) chlorophyll concentration [mg/m3], C) average
wind intensity [m/s] in the two study sites (Central HCS Zone (lquique) and
South HCS Zone (Talcahuano)) during the 4 seasons of the year.
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Figure 3. A) Monthly average sea surface temperature (°C), B) chlorophyll
concentrations [mg/m3], C) upwelling index [m? st x 1000 m] in the central
HCS zone (lquique, red line), and south HCS zone (Talcahuano, black line).
Negative upwelling indexes (northward winds)  denote upwelling
conditions.
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Figure 4. Body length distribution (cm) of anchovy and common sardine in
the central HCS sampling zone and south HCS zone, during the 4 sampled
seasons. Red symbols are anchovies, and calypso are common sardine.
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Figure 5. Average seasonal isotopic values (+ SD) §!3C and °N in anchovy
(triangle) and common sardine (Square), in the central HCS and south HCS

zones along Chile, during the four seasons of the year.
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Figure 6. Mean seasonal values (= SD) of **C for each functional group in
the central HCS and south HCS zones. Colored symbols represent anchovy

(red), common sardine (blue), Copepods (orange) and POM (light blue).
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Figure 7. Mean seasonal values (+ SD) of 3*°N for each functional group in
the central HCS and south HCS zones. Anchovy (red), Common sardine
(blue), Copepods (orange) and POM (light blue).
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of the anchovy isotopic niche of during the four seasons; B) Fifteen random
elliptical projections of the anchovy isotopic niche region during the
different seasons. Colors for seasons in Figure B) correspond with those in
Figure A).
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Figure 9. Seasonal random elliptical projections of the isotopic niche for
anchovy (red) and common sardine (blue) in the south HCS zone.
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(rojo) y Strangomera bentincki (azul), durante las cuatro estaciones del afio.
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CAPITULO II

Discusién general

Esta tesis estuvo orientada a entender la ecologia tréfica de Engraulis
ringens y Strangomera bentincki en dos zonas latitudinalmente distantes del
SCH (centro y sur del SCH). Este trabajo es novedoso ya que logré integrar
varios aspectos relevantes y complejos desde el punto de vista practico, la
estacionalidad en la obtencion de muestras representativas de las cuatro
estaciones del afio en dos zonas distantes geograficamente fue una de las
barreras mas compleja que logramos sortear. Asimismo, el muestreo
integrado de la comunidad plancténica fue otro aspecto limitante que
comunmente afectan este tipo de estudios. En ese sentido, esta tesis logro
incorporar elementos fundamentales para generar una mirada integrada de
sistema pelagico costero y los mecanismos tréficos que afectan a E. ringens

y S. bentincki durante el afio.

Mediante la utilizacion de analisis de is6topos estables de 6°C y °N se
obtuvo informacion sobre las relaciones troficas durante un periodo de un

afio, posibilitando estudiar e inferir aspectos tréficos de ambas especies, el
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ecosistema, y las relaciones interespecificas (Martinez del Rio et al. 2009).
De igual manera, se incorpor0 la caracterizacion de variables ambientales
que afectan ambas zonas de estudio, asi como su relacion con las fuentes
alimenticias disponibles y sus valores isotdpicos (5°C y §'°N). Se observo
que las condiciones ambientales se mantuvieron acorde con lo descrito para
cada zona (una zona centro del SCH con condiciones favorables a surgencia
relativamente continua durante el afio, mientras que la zona sur del SCH
mucho mas estacional en las condiciones ambientales, con principales
maximos de surgencia durante primaveray verano (Figura 3 C)). Los valores
isotopicos de 3C y 8'°N obtenidos en los primeros niveles de la trama
trofica (POM, copépodos) variaron latitudinalmente entre ambas zonas del
SCH (figura 6 y 7). Igualmente, se evidencié una mayor variabilidad intra-
estacional en los componentes bajos de la trama trofica (POM y copépodos).
Se sabe que las proporciones de los isétopos estables de carbono y nitrégeno
en la base de la trama tréfica pueden variar espacialmente, lo que se refleja
en la variabilidad de la composicién isotopica de los niveles mas bajos
(Zanden & Rasmussen, 2001). La diferenciacion latitudinal observada en los
valores de 6*C (una zona centro del SCH con valores mas empobrecidos de

5'3C y una zona sur con valores mas enriquecidos (Figura 5)) tiene relacion
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con la presencia de diferentes fuentes de carbono dominantes en cada zona.
En la zona centro (Iquique) dominé el §33C con origen oceanico y, dado el
continuo afloramiento de aguas subsuperficiales mas empobrecidas en 6*°C.
En la zona sur del SCH, los valores fueron mas enriquecidos de 8*3C y
tuvieron relaciéon con la presencia importante de fuentes bentopelagicas,
macroalgas que dominan en la zona costera y las altas biomasas de
fitoplancton. La mayor extension de la plataforma continental y la menor
profundidad del sistema favorecen la proliferacion de estas fuentes mas
enriquecidas en 83C (productores primarios marinos). Por otro lado, el
presente estudio coincidio con la fuerte sequia que afectd la zona de estudio
durante el periodo muestreado, y por tanto, con un bajo aporte de los
caudales durante la época y una débil sefial de origen terrigena, mas
empobrecida en 3C comparada con la sefial de productores primario
marinos. Acorde a lo anterior, se acepta la primera HipoOtesis de trabajo
propuesta peros solo para el §13C, ya que los valores isotdpicos de 3**C en la
estructura trofica baja (POM, Copépodos) difirieron latitudinalmente entre

zonas, debido a las caracteristicas geograficas y ambientales de cada zona.

Al comparar entre ambas zonas de estudio se observd que los valores

isotopicos de E. ringens fueron zonalmente diferentes. La anchoveta de la
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zona centro del SCH present6 una mayor variabilidad inter-estacional en los
valores de §'°N y una mayor amplitud tréfica en comparacion a la anchoveta
de la zona sur (Tabla 3). Al parecer existen caracteristicas oceanograficas y
geograficas originalmente no consideradas (variacion de extension de la
distribucion costa-océano y diferencias en profundidad del fondo) que
moldean la dindmica trofica y el enriquecimiento isotopico de la trama
alimenticia primaria. Por un lado, una zona centro del SCH con una reducida
plataforma continental (Figura 1) y una Zona minima de Oxigeno poco
profunda afectan el enriquecimiento isotopico del §°N de las fuentes
alimenticias disponibles (mas variadas y enriquecidas en §:°N). Mientras que
por otro lado, la zona sur del SCH la presencia de una plataforma continental
extendida y poco profunda, resulta en la presencia de fuentes bentonicas de
macroalgas y altas biomasas fitoplanctonicas durante mas tiempo en el afio,
y un ambiente costero geograficamente mas protegido, parecen dar mayor
estabilidad al sistema trofico y por tanto, una menor variabilidad isotdpica
asociada. Contrario a lo postulado en la Hipotesis 2 de trabajo, se observo
una mayor variabilidad isotopica en E. ringens de la zona centro del SCH, a
pesar de las condiciones mas estables de surgencia costera durante el afio.

Por otro lado, la zona sur del SCH a pesar de tener una marcada
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estacionalidad en las condiciones oceanograficas y ambientales, presento
valores isotopicos de E. ringens menos variables inter-estacionalmente
(Figura 5). Igualmente, los valores calculados del TP para la anchoveta en la
zona centro variaron notoriamente entre las diferentes estaciones del afio,
mientras que el TP calculado para anchoveta en la zona sur del SCH se

mantuvo relativamente estable durante el aiio (Tabla 2).

El calculo del “nicho isotopico” a partir del espacio bidimensional
(Newsome et al. 2007) posibilitd comprender estacionalmente las
caracteristicas troficas de ambos peces, sus similitudes, diferencias, y la
variabilidad del solapamiento trofico durante el afio. La figura 10 muestra el
tamario calculado del nicho isotopico y la figura 11 ilustra el calculo del
porcentaje estimado de solapamiento trofico con un 95% de credibilidad
(Swason et al. 2015). Tanto los valores del tamafio de nicho como el nivel
de solapamiento tréfico variaron inter-estacionalmente en sardina comdn y
anchoveta en la zona sur del SCH. Los mayores valores de solapamiento
trofico se obtuvieron durante verano, lo que coincidié con el maximo de
clorofila observado y de productividad, mientras que el menor porcentaje de
solapamiento tréfico se obtuvo durante invierno donde se evidencié una

separacion de nicho y coincidié con la época con menor disponibilidad de
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alimento en el sistema. La teoria de diferenciacion de nichos relacionados
con la biodiversidad (Cazzolla-Gatti, 2011) postula que dos especies pueden
coexistir si cada una usa un nicho diferente de habitat disponible para reducir
la competencia interespecifica. Al parecer ambas especies pelagicas separan
sus nichos tréficos durante invierno y utilizan diferencialmente los recursos
troficos como una estrategia de coexistencia. En ese sentido, se aprobo la
Hipotesis 3 de trabajo, ya que tanto la amplitud como el solapamiento del
nicho isotdpico variaron inter-estacionalmente entre E. ringens y S.
bentincki en la zona sur del SCH, hecho que estaria facilitando su
coexistencia, especialmente en periodos con menor disponibilidad de
alimento. En otras areas, se ha observado diferencias troficas entre especies,
lo que les posibilita seleccionar alimentos de diferentes tamarios (Balbontin
et al., 1979; Van der Lingen et al., 2006; Wiesbron et al., 2022), y de paso
les permite coexistir en ecosistemas compartidos (Wiesbron et al., 2022).
Ademas, se ha observado variaciones en el tipo de dieta de estos peces, segun
su estadio de desarrollo (Llanos et al., 1996; Costalago et al., 2012), la latitud
en donde se encuentren (Pauly et al., 1989; Espinoza et al., 2014), y segln

las condiciones ambientales predominantes (Takasuka et al., 2007).
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Este trabajo identifica aspectos esenciales de la ecologia trofica de
anchoveta y sardina comun en el ecosistema pelagico costero del SCH.
La comprension de los procesos ecoldgicos primarios en los ecosistemas
marinos, la variacion en las fuentes de alimento, las transferencias
energeticas a través de la trama trofica, y la interrelacion entre especies,
son aspectos fundamentales para relacionar el funcionamiento de los
ecosistemas con la gestion y manejo de los recursos marinos. Contar con
informacion tréfica complementaria posibilita no solo identificar el rol de
estas especies en el ecosistema marino, y comprender las fuerzas que
impulsan la dindmica poblacional, sino que también aportan
conocimiento fundamental para mejorar la gestion integral de estas
pesquerias, hechos relevantes sobre todo en los tiempos actuales

cambiantes.
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