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Zusammenfassung

Meeresokosysteme sind Top—down (von oben nach unten) und Bottom-up (von unten
nach oben) anthropogenen Driicken ausgesetzt. Top—down Drlcke betreffen hohere
trophische Ebenen (HTL) z.B. die Reduktion der Fischpopulation durch die Fischerei-
wirtschaft.

Bottom-up Driicke beeinflussen das Okosystem durch Veranderungen der Umwvelt,
die wiederum niedere trophische Ebenen (LTL) wie z.B. Plankton betreffen. Obwohl
der weltweite Ozean meisten als ein Bottom-up getriebenes Okosystem angesehen
wird, gibt es immer mehr Belege flur die Bedeutung von Top—down Treibern. Deshalb
sollte der anthropogene Einfluss auf den Ozean mit einem ganzeinheitlichen Ansatz
verstanden werden, einschlieBlich der Bottom-up und der Top—down Treiber tber das
gesamte Nahrungsnetz. Hierflr sind im besonderen End-to—end Modelle besonders
hilfreich. Dieser Art von Modellen simulieren das gesamte Okosystem vom Plankton,
was von Umweltfaktoren beeinflusst wird, bis zu marinen Raubtieren.

Das noérdliche Humboldt-Stromsystem (NHCS), im ostlichen tropischen Stdpazifik
(ETSP) gelegen, ist das produktivste ostliche Grenzauftriebssystem in Bezug auf den
Fischfang. Hohe Priméarproduktion und eine schlechte Beltftung von tieferen Wasser-
schichten erzeugen eine ausgepréagte Sauerstoffminimumzone (OMZ), in der Verlust-
prozesse von bioverfugbaren Stickstoff stattfinden. Die OMZ ist auch starken zwis-
chenjahrlichen Schwankungen ausgesetzt, die aufgrund seiner Ndhe zum Aquator ins-
besondere mit der El Nifio Southern Oscillation assoziiert sind.

In diesem Projekt wollte ich verstehen, wie der NHCS von Top-Down- und Bottom-
Up-Treibern beeinflusst wird. Ich habe das gesamte Okosystem des NHCS studiert,
von der Biogeochemie bis zu HTL, einschliel3lich Fischen und Makroinvertebraten.
Dazu habe ich zwei End-to—end HTL Modelle angewendet, die jeweils mit einem
physikalisch-biogeochemischen Modell gekoppelt sind. In vier Studien bin ich zwei
Schlisselfragen nachgegangen: Wie wirkt sich eine Variabilitat in der Biogeochemie



auf die Fischbestande aus? Und wie wirkt sich der Druck durch die Fischerei auf die
Fischbestdnde aus und wie wirkt sich die Variabilitdt in den Fischbestanden auf die
Biogeochemie aus?

Far die erste Studie folgten wir einem Top-Down-Ansatz und untersuchten welche
Auswirkungen die Fischvariabilitat auf die Planktongemeinschaft des ETSP haben
konnten. Wir verwendeten das physikalisch-biogeochemische (bgc) Modell CROCO-
BioEBUS. Diese ist speziell zur Simulation des Stickstoffkreislaufs in sauerstoffarmen
Umgebungen wie der OMZ des NHCS entwickelt worden. Das Modell hat je zwei
Arten von Phyto- und Zooplankton. Wir modifizierten die Sterblichkeit von Zoo-
plankton, um Anderung in der Biomasse von Fischen implizit zu simulieren, die auf
das Zooplankton Jagd machen wuirden. Wir kamen zu dem Schluss, dass grof3es Zoo-
plankton als Top-Predator im bgc Modell der Hauptgrund fur die Variabilitat in den
Planktongruppen ist. Dartiber hinaus fuhrt eine héhere Sterblichkeit von Zooplankton
zu einer kirzeren Nahrungskette und zu einer hoheren Primarproduktion aufgrund
einer impliziten Zunahme von Fisch.

Zweitens haben wir ein End-to-End-Modell des NHCS entwickelt, um die Auswirkun-
gen von interjahrlicher Variabilitat in Plankton auf die HTL des Systems zu un-
tersuchen. Das Modell besteht aus dem physikalisch-biogeochemischen Modell
CROCO-BioEBUS gekoppelt mit dem Multispezies-HTL Modell OSMOSE. Der Auf-
bau simuliert vier Planktongruppen und neun HTL-Gruppen, darunter kleine pelagis-
che Fische, Makroinvertebraten, eine Bodenfischart und mesopelagischen Fisch. Wir
untersuchten die Auswirkungen der interjdhrlichen versus klimatologischen Vari-
abilitat in Plankton auf die HTL. Wir beobachteten einen Einfluss der interjahrlichen
Variabilitat auf Fischbiomassen. Dieser war jedoch gering im Vergleich zu der hohen
nattrlichen Variabilitat von Fischbestanden in den Beobachtungen. Wir beobachteten
auch eine starke Sensitivitat des Modells gegeniiber Anderungen des Parameters fur
die Larvenmortalitat von Sardellen. Dies kann ein Anhaltspunkt fur die Simulation
der starken Variabilitat von Sardellen in zukunftigen Studien sein.

Ich untersuchte die Auswirkungen des Fischfangs als Top—down Treiber auf zwei
Fischarten mit unterschiedlichen Uberlebensstrategien. Eine davon ist die kleine
pelagische Fischsardelle, die vor der Kuste Perus riesige Fischpopulationen aufbaut
und damit die grofite Einzelfisch Fischerei der Welt versorgt. Eine andere Fischart
ist der peruanische Seehecht, ein groRerer Jagdfisch, der besonders beliebt ist als
schmackhafter Speisefisch. Ich beobachtete eine hohere Resilienz von Sardellen als
Seehecht gegentber dem erhodhten Fischereidruck. Auf der anderen Seite wirkte sich



ein abnehmender Fischereidruck als positiv auf die Seehechtpopulation aus, die dann
dem Fischereifang zur Verfugung stand. Daher konnte die gesamte Fischerei von einer
geringeren Fangquote von Seehecht profitieren.

Die letzte Studie dieses Projekts besteht aus einem Vergleich des Multispezies-Modells
OSMOSE, das LTL als Antrieb nimmt, mit dem Anderson-Modell, einem einfachen
Nahrungsnetzmodell, das die Biomasse mesopelagischer Fische auf Grundlage der
Primarproduktion abschatzt. Wir haben die Biomasse mesopelagischer Fische in bei-
den Modellen sowie dessen zeitliche Variabilitat analysiert. Wir beobachteten, dass
OSMOSE im Vergleich mit dem Anderson-Modell einen gedampften saisonalen Zyk-
lus hat, aber aufgrund seines LTL-Antriebs eine starkere interannuale Variabilitat be-
sitzt. Im Gegensatz dazu reagiert die zeitliche Variabilitat im Anderson Modell lin-
ear, dem Trend der Primarproduktion folgend. Wir kamen zu dem Schluss, dass der
Lebenszyklus und die trophische Interaktionen in OSMOSE das Reaktionsverhalten
von mesopelagischen Fisch auf Anderungen in der LTL beeinflusst. Studien, die sich
mit mesopelagischen Fischen befassen, konnen von den unterschiedlichen Ansétzen
und Informationen profitieren, die von den unterschiedlichen Arten von Modellen
bereitgestellt werden. Daher sind vergleichende Studien wie diese sehr wertvoll, um
eine weiteren Blickwinkel von dem mesopelagischen Okosystem zu erhalten.,

Diese Arbeit ist ein einzigartig Beitrag zu unserem Verstandnis der Treiber der
Variabilitdt im NHCS und des Verhaltens des Okosystems unter sich d&ndernden Be-
dingungen. Ich schloss die Arbeit mit einer Reflexion tber mdgliche nachste Schritte
zur Verbesserung der Reprasentation des Okosystems im NHCS ab; genauer, wie
die starke interjahrliche Variabilitat im NHCS-Okosystem besser reprasentiert wer-
den konnte und weitere Schritte zur besseren Modellierung der mesopelagischen
Fischgemeinschaften.  Schliel3lich ermdglicht uns das Verstandnis der individu-
ellen Top-Down-Effekte und Bottom-up-Treiber in dem komplexen System, die
Auswirkungen aller Einflisse getrennt zu verstehen. Der néachste Schritt ware es,
die Ruckkopplungen zwischen beiden Arten von Treibern in einem bidirektional
gekoppelten System explizit zu modellieren.
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Summary

Marine ecosystems are subjected to increasing top—down and bottom-up anthro-
pogenic pressures. Top-down pressures affect higher trophic levels (HTL) such as
fish, for instance, through their active removal by the fishing industry. Bottom-up
pressures affect the ecosystem by changing the environment, which in turn affects
lower trophic levels (LTL), such as plankton. Although the global ocean has been
considered mainly a bottom-up driven ecosystem, there is increasing evidence of the
importance of top—down drivers. Therefore, understanding the anthropogenic impacts
on the ocean should be done in a holistic perspective, considering both top—down and
bottom-up drivers across the food-web. For this, end-to-end models are especially
useful. This type of models simulates the whole ecosystem, from plankton, which is
affected by environmental drivers, to top predators.

The northern Humboldt Current System (NHCYS), located in the eastern tropical South
Pacific (ETSP), is the most productive eastern boundary upwelling system in terms
of fish catches. High primary production and poor ventilation generate an intense
oxygen minimum zone (OMZ) where bio-available nitrogen loss processes take place.
It is also subjected to strong interannual variability, especially associated to El Nifio
Southern Oscillation due to its proximity to the Equator.

In this project, | set out to understand how the NHCS is affected by top-down and
bottom-up drivers. | studied the whole ecosystem of the NHCS, from the biogeochem-
istry to HTL, including fish and macroinvertebrates. To do so, | applied two end-to-end
models consisting of a physical-biogeochemical model coupled to two different HTL
models. Over four studies, | explored two key questions: How does variability in the
biogeochemistry affect fish? And how does fishing pressure affect fish and how does
variability in fish affect the biogeochemistry?

For the first study, the co-authors and | followed a top—down perspective, looking
at the impact that fish variability may have on the plankton community of the ETSP.
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We employed the physical-biogeochemical (bgc) model CROCO-BioEBUS, which is
especially designed to simulate the nitrogen cycle in low oxygen environments such as
the OMZ of the NHCS. The model has two compartments of phyto- and zooplankton
each. We modified the zooplankton mortality to implicitly simulate a change in the
biomass of fish which would prey on it. We concluded that large zooplankton, as top
predator in the bgc model, is the main driver of the community response. In addition,
higher mortality due to an implicit increase in fish promotes a shorter food chain and
higher primary production.

Secondly, we employed an end-to-end model of the NHCS to study the impacts of
plankton variability on the HTL of the system. The model consists of the physical-
biogeochemical model CROCO-BioEBUS coupled with the multispecies HTL model
OSMOSE. The set-up simulates four plankton groups, and nine HTL groups including
small pelagic fish, macroinvertebrates, a demersal fish species and mesopelagic fish.
We explored the impact of interannual versus climatological variability in plankton on
HTL. We observed an impact of the interannual variability on fish biomasses. How-
ever, this is small compared to the high variability of fish in observations. We also
observed a strong sensitivity of the model to larval mortality of anchovy. This may be
a clue for simulating the strong variability in anchovies in future studies.

In the next study, | explored the top—down impact of fishing on two fish species with
contrasting life strategies. One is the small pelagic fish anchovy, which builds up mas-
sive congregations off the coast of Peru and is the biggest single-species fishery of the
planet. The other one is the Peruvian hake, a larger demersal predatory fish which is
valued for direct human consumption. | observed a higher resilience of anchovy to
increased fishing pressure than hake. On the other hand, decreasing fishing pressure
has a positive impact on the amount of hake available for harvesting. Therefore, the
whole hake fishery could benefit from lower fishing rates.

The last study of this project consists of a comparison of the multispecies model OS-
MOSE, which takes LTL as forcing, with the Anderson model, which is a simple food-
web model that estimates the biomass of mesopelagic fish based on primary produc-
tion. We compared the biomass of mesopelagic fish in both models as well as the
temporal variability. We observed that OSMOSE has a muted seasonal cycle compared
with the Anderson model and with its LTL forcing, but a stronger interannual vari-
ability. In contrast, the temporal variability in Anderson responds in a linear way,
following the trend of the primary production input. We concluded that the life-cycle
and trophic interactions in OSMOSE affect the response of simulated mesopelagic fish
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to changes in LTL. Studies addressing mesopelagic fish may benefit from the differ-
ent approaches and information provided by each type of model. Hence, comparative
studies like this one are valuable to provide a broader perspective on the mesopelagic
ecosystem.

This thesis is an original contribution to our understanding of the drivers of variabil-
ity in the NHCS and the behaviour of the ecosystem under changing conditions. |
concluded the thesis with a reflection on possible next steps for improving the rep-
resentation of the ecosystem in the NHCS; in concrete, how the representation of the
strong interannual variability in the NHCS ecosystem could be improved and further
steps for modelling the mesopelagic community. Finally, exploring separate top—down
and bottom-up drivers in the system allows us to understand the impact of each driver
separately. The next step is to explore the feedbacks between both kinds of drivers in
a two-way coupled modelling system.
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General introduction

1.1 Motivation and objectives

Figure 1.1. Sample marine trophic chain response to
bottom—up (environmental change, a) and top—down (har-
vesting, b) pressures. Note that, in the bottom—up case (a),
predators follow the same abundance change in time as their
prey and, in the top—down case (b), prey respond inversely
to predators abundance change. Modi ed and adapted from
Cury, Shannon, and Shin (2003).

The ocean ecosystems are sub-
jected to increasing anthropogenic
pressures, presented in both top—
down and bottom—up directions
(Figure 1.1). Bottom—-up an-
thropogenic pressures affect the
ecosystem by changing the envi-
ronment. Prominent pressures of
this type are climate change and
ocean acidi cation impacts on the
ocean due to release of fossil fu-
els (Behrenfeld et al., 2006; Doney
et al., 2009; Kwiatkowski et al.,
2020). In coastal systems, cultural
eutrophication due to nutrient dis-
charge into water bodies is also a
major problem that, among other
impacts, affects the food-webs
and contributes to ocean acidi-
cation and oxygen loss (Smith
and Schindler, 2009; Cai et al.,
2011). Anthropogenic pressures
can also act in atop—down manner
through the active removal of ma-
rine organisms (Baum and Worm,



2009). While over shing is a primary concern due the potential collapse of the tar-
geted species (e.g., Kirby, 2004), scientists have now realised the impact that removal
of single species can have on other trophic levels (Worm and Myers, 2003; Scheffer,
Carpenter, and Young, 2005; Mdllmann et al., 2008; Baum and Worm, 2009).

Understanding the development of the marine ecosystems during the Anthropocene
requires careful exploration of both top—down and bottom—up drivers, and their
impact on the marine ecosystems as a whole, from the environmental conditions (e.i.,
ocean circulation and physical conditions such as temperature) to the top predators
(e.g., large sh). The study of the oceans has traditionally focused on either the
physical-biogeochemical components, exploring uxes of elements, such as carbon
and nitrogen, or on the sheries management eld (Travers et al., 2007). While in a
global scale, the ocean as a whole has been considered a bottom—up driven system,
there is increasing evidence of the importance of top—down drivers (Lynam et al.,
2017). Hence, in the last two decades, the concept of end-to-end models has gained
popularity as a tool to understand the marine ecosystems, from the environmental
forcings on lower trophic levels (LTL), or plankton, to higher trophic levels (HTL) such

as sh and top predators, and even the human component (see Travers et al., 2007,
Fulton, 2010; Tittensor et al., 2018, for reviews).

For this doctoral project, | set out to study the response of marine ecosystems to
bottom—up and top—down drivers, with a special interest in the interactions between
HTL, mainly shes, and the environment. | focused on the northern Humboldt Cur-
rent System (NHCS) located in the eastern tropical South Paci ¢ (ETSP) off the coast
of Peru due to its importance as a hotspot of sh production and of nitrogen loss
processes (see Section 1.2). With this project, | aimed at addressing two key questions
regarding 1. bottom—up and 2. top—down drivers:

1. How does variability in the biogeochemistry affect sh?

2. How does shing pressure affect sh and how does variability in sh affect the
biogeochemistry?

To answer these questions, | employed a series of dynamic models, namely a single
physical-biogeochemical model and two end-to-end ecosystem models. This is an
original research project that advances the understanding of the NHCS as a bottom-up
and top—down driven coastal marine ecosystem. In addition, it provides insights on
the state of the art of the dynamic modelling of this ecosystem and opportunities for
future research and model development.



1.2 The northern Humboldt Current System

1.2.1 Physics and biogeochemistry

The northern Humboldt Current
System (NHCS) is located in
the eastern tropical South Pacic
(ETSP) Ocean off the coast of
Peru and northern Chile in South
America (Figure 1.2). It is com-
posed of the Peru Coastal Cur-
rent that ows near the coast
northwards and the Peru Cur-
rent owing offshore also north-
wards. Between these two cur-
rents, the southward Peru—Chile
Countercurrent is located. Fi-
nally, the Peru—Chile Undercur-
rent ows sowthawrds along the
shelf (see Karstensen and Ul-
loa, 2009). Steady winds blow-

. Figure 1.2. Main currents of the northern Humboldt Current
ing equatorward generate Ekman

_ System. Modi ed and adapted from Karstensen and Ulloa
transport and divergence that re- (2009).

sult in upwelling of waters deeper

than 150 m (see Karstensen and Ulloa, 2009). The upwelled waters are rich in nutrients
and have a low N:P ratio that supports high primary production of large cells such
as diatoms (Franz et al., 2012). The physics and bigoeochemistry in the transition be-
tween nutrient—rich coastal waters and the oligotrophic region offshore are affected by
mesoscale and sub-mesoscale processes including eddies, laments and fronts (Rossi
et al., 2009; Thomsen et al., 2016).

Underneath the productive euphotic zone, sinking organic matter is remineralised gen-
erating, in combination with a poor ventilation, an intense oxygen minimum zone
(OMZ) (Karstensen, Stramma, and Visbeck, 2008). Denitri cation and anammox oc-
curring in the OMZ are responsible for the loss of bioavailable nitrogen to N , and the
greenhouse gas NO (Hamersley et al., 2007; Faras et al., 2009; Kalvelage et al., 2013).



Therefore, the NHCS plays an important role not only in the global food security (see
next section) but also in the nitrogen cycle.

Primary production is not only spatially (see Sect. 1.2.2) but also temporally dynamic.
Although the wind strength and upwelling intensity increase in austral winter, the
primary production peaks in summer (Bakun and Nelson, 1991; Echevin et al., 2008;
Messié and Chavez, 2015). Modelling evidence suggests that this seasonal paradox is
due to a shoaling of the mix layer depth in summer which concentrates phytoplankton

in the euphotic zone and improves light conditions (Echevin et al., 2008; Xue et al.,
2021).

The NHCS is affected by strong interannual variability. This includes interdecadal pe-
riods of cold and warm water named "La Vieja” and "El Viejo”, respectively (Chavez

et al., 2003), as well as the two-to-seven-years cycle of El Niio—Southern Oscillation
(ENSO) due to its proximity to the Equator (Penven et al., 2005). During La Ni fa
conditions, the thermocline becomes shallower and sea surface temperature (SST) de-
creases (see Tarazona and Arntz, 2001; Fiedler, 2002). El M conditions are charac-
terised by a deeper thermocline, higher SST and less nutrients at the surface, resulting
in lower primary production (see Tarazona and Arntz, 2001; Fiedler, 2002). Strong El
Nifio events have been associated with sheries collapses and population declines of
seabirds and marine mammals (Barber and Chavez, 1983; Duffy, 1983; Fiedler, 2002;
Alheit and Niquen, 2004), evidencing their strong bottom—up impact on the system.

1.2.2 The marine ecosystem

The nutrient-rich coastal waters of the NHCS support a proliferating ecosystem with
complex trophic interactions that are affected by both bottom—up and top—down pres-
sures. At the bottom of the trophic chain, the phytoplankton community is rich in large
diatoms near the coast (Franz et al., 2012). These are replaced by smaller phytoplank-
ton offshore (Franz et al., 2012). The most abundant copepod species on the continen-
tal shelf are Acartia tonsaand Centropages brachiatigy 6n et al., 2008a). Squat lobster
(Pleuroncodes monodphas been increasingly found over the continental shelf since the
mid 1990s (Ayo6n et al., 2008a; Gutérrez et al., 2008). This commonly benthic (living
at the bottom of the water column) species performs migrations to the pelagic envi-
ronment at the surface, possibly to avoid the intense OMZ present off Peru (Guti érrez
et al., 2008; Kiko et al., 2015). It shares a similar ecological niche as the commercially
exploited anchovies (see below), being preys for larger animals such as seabirds and



predatory shes (Guti érrez et al., 2008). Euphausiids are considered the most impor-
tant prey for anchovies (Espinoza and Bertrand, 2008). The main euphausiid species
in the NHCS is Euphausia mucronatéAntezana, 2010). This species performs vertical
migrations to the OMZ and forages at the surface during night (Antezana, 2010; Kiko
and Hauss, 2019).

Vertically migrating mesopelagic sh are dominated by the Panama light sh  Vin-
ciguerria lucetigCornejo Urbina and Koppelmann, 2006). Light sh abundance off Peru
has been estimated between 2.9 and 11.1 Mt (Castillo Valderrama et al., 1998; Castillo
Valderrama et al., 1999). The Humboldt squid, also known as jumbo ying squid ( Do-
sidicus gigay preys mainly on mesopelagic sh (Markaida and Sosa-Nishizaki, 2003).
However, it has also been considered an important predator for Peruvian and Chilean
hake (Alarcon-Mufioz, Cubillos, and Gatica, 2008; Guevara-Carrasco and Lleonart,
2008). This is the main invertebrate shery in Peru (see PRODUCE, 2013).

The NHCS marine ecosystem is dominated by a few species of small pelagic sh
with very high biomass. Despite primary production in the NHCS being compa-
rable to other eastern boundary upwelling systems, its sh production is ten times
higher (Chavez et al., 2008). This has been associated with a high trophic transfer ef-
ciency and strong interannual variability (see Sect. 1.2.1) that maintains the system
in a successional stage that favours small fast-growing sh rather than their preda-
tors (Chavez and Messié, 2009). Currently, the most abundant species is the Peruvian
anchovy (Engraulis ringen3 which in the 1960s became the biggest single-species sh-
ery of the planet (Niquen Carranza et al., 2000). In 1971, anchovy landings reached
a record of 12.3 Mt (Aranda, 2009). However, this species varies strongly every few
years and the NHCS has presented periods dominated by anchovies and others where
Paci c sardines (Sardinops sagaxwere more abundant (Chavez et al., 2003; Alheit and
Niguen, 2004). Anchovy landings decreased throughout the 1970s and sardines be-
came more abundant. Since the mid 1980s, sardines started to decline and anchovies
to increase again until anchovy dominance was reached in the 1990s (Chavez et al.,
2003; Alheit and Niquen, 2004). Sardines have been associated with warm periods
and anchovies with cold periods in the interannual record (Chavez et al., 2003). The
chub mackerel (Scomber japonicysgind the jack mackerel (Trachurus murphyj are other
small pelagic shes of commercial importance in Peru (see PRODUCE, 2013). The
bonito (Sarda chiliensis chiliensiss a larger species found off the coast of Peru and Chile
(Yoshida, 1980). The dolphin sh ( Coryphaena hippuryss a predatory pelagic sh that
has a global distribution in tropical and sub-tropical waters (Maguire et al., 2006). It
is an artisanal shery in Peru (Torrej 6n-Magallanes, Grados, and Lau-Medrano, 2019).



In the case of demersal species, the Peruvian hake Kerluccius gay) is amongst the
most important demersal sheries in Peru (see PRODUCE, 2013). It is industrially ex-
ploited since the 1960s (Guevara-Carrasco and Lleonart, 2008). In 2002, a moratorium
on the hake shery was implemented for 20 months due to the low abundance of hake
(Guevara-Carrasco and Lleonart, 2008).

On top of the food chain lie the seabirds and marine mammals. Seabirds include the
Humboldt penguin ( Spheniscus humboldtand a range of tubenosed birds including
the giant petrel (Macronectes giganteysand the Galapagos albatross Phoebastria irro-
rata), among others (Sueyoshi et al., 2016). There are also the "guano birds”, composed
mainly by the Guanay cormorant ( Phalacrocorax bougainvil)ii Peruvian booby (Sula
variegatd and Peruvian pelican (Pelecanus thagyigTovar, Guillen, and Nakama, 1987;
Duffy, 1994). In the XIX century, large scale extraction of guano for exportation neg-
atively affected the population of birds (Tovar, Guillen, and Nakama, 1987). Then, in
1909, the Guano Administration Company was created to regulate the exploitation of
this resource (Tovar, Guillen, and Nakama, 1987; Duffy, 1994). Since 1950, the growing
shery of anchovies, prey of seabirds, along with their collapses during EINi  fio events,
was correlated with a decline in guano birds (Tovar, Guillen, and Nakama, 1987; Duffy,
1994).

Marine mammals off Peru include cetaceans, pinnipeds and the marine otter ( Lutra fe-
lina) (Majluf and Reyes, 1989). Species of pinnipeds include the South American (Arc-
tocephalus australjand Juan Fernandez @Arctocephalus philipp)ifur seals, and the South
American sea lion (Otaria byronig. More than 20 genera of cetaceans have been found
off Peru (Arias-Schreiber, 1996). Large cetacean species include baleen whales such as
the blue whale (Balaenoptera musculysn whale ( Balaenoptera physaly$8yrde's whale
(Balaenoptera edgnisei whale (Balaenoptera borepland humpback whale (Megaptera
novaeangliag(Majluf and Reyes, 1989). In the case of toothed cetaceans, killers whales
(Orcinus orcg, sperm whales (Physeter macrocepha)ushort- nned pilot whale ( Globi-
cephala macrorhynchpand beaked whales have also been reported off Peru (Majluf and
Reyes, 1989; Reyes, Mead, and Waerebeek, 1991). Several species of dolphins and por-
poises inhabit the coastal waters. These include common dolphin (Delphinus delphis
and bottlenose dolphin ( Tursiops truncatuy, among others (Majluf and Reyes, 1989).
Whale—watching is a relatively new but growing industry in Peru (Guidino et al., 2020).

On the contrary, whaling was stopped in Peru by 1985 (Majluf and Reyes, 1989) and
small cetaceans are protected since 1990 (Reyes, Mead, and Waerebeek, 1991). How-
ever, intentional and non-intentional (e.g., entanglement in nets) capture of pinnipeds
and small cetaceans continues (Reyes, Mead, and Waerebeek, 1991; Pizarro, 2015).



In summary, the NHCS is a highly productive region of the Paci ¢ Ocean characterised
by a high trophic transfer ef ciency, higher sh yield than any other eastern boundary
upwelling systems, a shallow and intense OMZ and a strong interannual variability.
The marine ecosystem is composed by huge amounts of small pelagic sh that feed
a range of apex predators including marine mammals and seabirds. Evidence shows
that most components of the ecosystem have been affected to some extent by top—down
anthropogenic pressure or by bottom—up environmental pressure.

1.3 End-to-end marine ecosystem models

End-to-end models are dynamic models that represent the ecosystem from the plank-
ton and environmental drivers to the higher trophic levels (HTL), such as sh, marine
mammals and macro-invertebrates, and usually including several species or functional
groups. These are valuable tools for simulating marine ecosystems and aiding ecosys-
tem based sheries management (Pikitch et al., 2004). There is a rich range of end-to-
end models in the literature (see Fulton, 2010; Tittensor et al., 2018, for reviews). Some
of these include lower trophic levels (LTL) (e.g., Field, Francis, and Aydin, 2006) and
even environmental components (e.g., Fulton et al., 2011) as part of a single modelling
package. There are also combined models where a HTL model is coupled to an inde-
pendent physical-biogeochemical model that provides plankton biomass or primary
production as forcing. These can be coupled one-way (e.g., Christensen et al., 2015)
or two-way (e.g., Travers-Trolet et al., 2014). | used this type of modelling system for
my thesis. Therefore, the components of typical combined models are presented in the
remaining of this section.

1.3.1 Physical-biogeochemical sub-models

Physical-biogeochemical models simulate LTL, or plankton, in the modelling system.
The physical component is an ocean circulation model that describes the movement
of water between grid-cells by solving physical equations that describe momentum,
mass and energy conservation. Because there are no analytical solutions, numerical
methods are used to solve the equations. Biogeochemical models (bgc) usually simu-
late nutrients, organic matter and living organisms including phyto- and zooplankton
based on empirical functions, such as the nutrient uptake by phytoplankton. Plankton
organisms are assumed to be transported by the water advection rather than actively



swimming on their own. The currency of biogeochemical models may be based on one
or many elements, depending on which element is considered to be the major limiting
nutrient in the system. Typically, such limiting element is nitrogen (e.g., Gutknecht

et al., 2013a) and any inferences derived from these models with regards to other ele-
ments are based on standard ratios such as Red eld. Some other models (e.g., Keller,
Oschlies, and Eby, 2012; Stock, Dunne, and John, 2014; Aumont et al., 2015; Kriest
and Oschlies, 2015) include additional elements, like phosphorus, iron and silicate, to
explicitly simulate their potential limiting effects.

Physical-biogeochemical models can be regional or global. Global models have typ-
ical horizontal resolutions around 1° (e.g, Kriest and Oschlies, 2015). These can be
integrated over hundreds of years to make long-term predictions. These models have
been used by the Intergovernmental Panel on Climate Change (IPCC) to make climate
projections (IPCC, 2013). Regional models cover only a small part of the ocean, with
the advantage that they can have a higher resolution in order to represent smaller
scale spatial variability such as mesoscale and sub-mesoscale processes with coastal
upwelling and narrow shelves (e.g., Penven et al., 2001; Jog&, Dietze, and Oschlies,
2017). These models are forced at the boundaries and at the surface with, either data
derived from satellites and ocean physical and biogeochemical conditions based on
observations, or with another model of coarser resolution in a nesting procedure (e.g.,
Jog, Dietze, and Oschlies, 2017). Due to their high computing demand, usually these
models are integrated for a shorter period of time such as a few decades.

Models can be used, for instance, for realistic simulations over the past years to
decades, so called hindcasts (e.g., Jaset al., 2019), or to simulate a climatology (e.g.,
Jog, Dietze, and Oschlies, 2017). A hindcast tends to simulate both seasonal and
interannual variability while a climatology aims at reproducing the daily or monthly
conditions averaged for several years. Hence, interannual variability is removed in
climatological simulations. Sensitivity studies consist of slightly changing the model
set-up to test how it responds, for instance, to changes in boundary conditions, surface
forcing, or to changes in the model parameters (e.g., Travers-Trolet et al., 2014). In this
project, | worked with hindcast as well climatological simulations using a regional bgc
model which is described in Sect. 1.4. In Chapter 3, the differences between forcing
a HTL model with a bgc climatology or hindcast are explored. In Chapter 2, the
sensitivity of a bgc model to zooplankton mortality is evaluated in a climatological
set-up.



1.3.2 Higher trophic levels sub-models

In recent years, sheries management has started to transition from a single-species-
based approach to an ecosystem based sheries management (see Marasco et al., 2007).
Multispecies models are necessary for understanding the impacts of shing not only

on the target species but on the surrounding ecosystem (Pikitch et al., 2004). Hence,
most sh models focus on sh groups of commercial importance and coastal regions
(e.g., Megrey et al., 2007; Halouani et al., 2016; Xing et al., 2017). Some studies have
attempted to model large marine regions or the whole globe by integrating shes into
large groups such as size classes (e.g., Watson, Stock, and Sarmiento, 2015; Carozza,
Bianchi, and Galbraith, 2016), and focusing on a few targeted species (e.g., Lehodey,
Chai, and Hampton, 2003; Maury, 2010).

The multispecies models that are coupled to physical-biogeochemical models usually
do this through feeding HTL with plankton, which is provided by the bgc model. Ex-
amples of HTL models that have plankton as input include the individual-based mod-
els (Shin and Cury, 2001; Rose et al., 2015). These kinds of models simulate groups of
sh with identical characteristics denominated "super-individuals” in the ecosystem.
Fiechter et al. (2016) also included sea lions as single individuals in their model. A few
models do not perform the coupling through plankton food but some other biogeo-
chemical variable. For instance, the simple food-web model by Anderson et al. (2019)
uses primary production as forcing and includes the representation of zooplankton
groups already in the HTL model component. This has the advantage that it can be
derived directly from satellite observations rather than a bgc model. More details on
this speci ¢ model, as well as the individual-based model OSMOSE, will be provided
in the following section as these are the primary tools utilised in this project.

1.4 Modelling set-ups

In this project, | used the physical-biogechemical model CROCO-BioEBUS as stand-
alone (Chapter 2) and also coupled with two different higher trophic level models:
OSMOSE (Chapters 3to 4) and Anderson (Chapter 5). An overview of the full coupling
system is provided in Fig. 1.3. In the following sections, | explain each component of
the system.



Figure 1.3. End-to-end modelling system with the physical (CROCO), biogeochemical (BioEBUS) and
higher trophic levels (OSMOSE and Anderson) components, as well as the interactions between them.
BioEBUS forces OSMOSE and Anderson in a one-way fashion (blue arrow) in the set-ups used for
Chapters 3 to 5. Note that the two-way coupling fashion of forcing BioEBUS with mortality derived
form higher trophic levels was not implemented in this project. However, in Chapter 2, an implicit im-
pact of higher trophic levels on BioEBUS was implemented by modifying the mortality of zooplankton.
Therefore, the mortality forcing (red arrow) was also included in the diagram. Also note that, while the
physical component (CROCO) mostly drives the biogeochemistry (BioEBUS) in a one-way fashion (grey
arrow), high plankton abundance has an impact on light limitation through shading.
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