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Resumen

El cambio climatico constituye un fendmeno de creciente relevancia en la agenda
global, tanto por la complejidad de sus causas entre las que destacan la fuerte
dependencia de la sociedad moderna de los combustibles fésiles y las actividades de uso
del suelo como por la magnitud de sus efectos a largo plazo, los cuales modi can de
manera signi cativa los procesos naturales en los ambitos fisicos, quimicos y biolégicos.
El Océano es altamente afectado por este fendmeno, provocando a escala global
calentamiento, desoxigenacion y reduccion de pH, los cuales de manera individual
y conjunta inducen cambios importantes en los ecosistemas marinos. A pesar de la
gravedad de esto, la informacion sobre sus efectos a escalas regionales es escasa, como
es el caso del océano Paci co sudoriental, una region que presenta zonas de alto
endemismo, biodiversidad marina y productividad pesquera. Su altisima importancia
biol6gica y econémica hacen imperante el avance en estudios sobre los efectos nocivos
especi cos del cambio climético en esta region.

En este trabajo estudiamos los efectos del cambio climatico en el océano Paci co
sudoriental, a través del calculo de la velocidad climética, para la temperatura,
oxigeno y pH. Esta herramienta, ampliamente usada y recomendada, nos permite
segmentar una region segun su estado de conservacion, migracion o pérdida climatica.
A través de un enfoque multidimensional, evaluamos y comparamos dos periodos
(2015 2050 contra 2015 2100) y tres profundidades de la capa epipelagica (0, 100
y 200 m), bajo dos escenarios climaticos, que contemplan un futuro basado en el
uso de combustibles fésiles (SSP5-8.5), o un futuro sustentable (SSP1-2.6). Ademas,
estudiamos cinco casos de zonas particulares, tres comprenden archipiélagos e islas,
con alto endemismo y biodiversidad, y dos corresponden a sistemas de surgencia de
alta productividad e importancia econdémica.

Se identico que, bajo un escenario futuro caracterizado por un alto uso de
combustibles fosiles (SSP5-8.5, periodo 2015 2050), predominan las areas sujetas a
migracion y pérdida de condiciones climéticas regulares de las variables analizadas;
sin embargo, también se reconocen mdltiples zonas que podrian funcionar como
refugios climaticos. Tres refugios climaticos de temperatura: dos en los tropicos (uno
en 5S a 100 m de profundidad, y otro en 1& a 200 m de profundidad), y uno

al sur de Chile (55S desde 0 a 200 m de profundidad), y un refugio climatico de
oxigeno subsuper cial (100 y 200 m) en gran parte del ecuador (desdeS@ 10N)



y del Gran Ecosistema Marino de la Corriente de Humboldt (HCLME). El ultimo
sector también presenta las velocidades climaticas mas bajas de reduccion de pH
(es decir, zonas de cambio climético lento), resaltando su importancia como zona
clave para la conservacion marina. Por otro lado, al comparar las zonas de enfoque,
se sugiere que la zona mas afectada es Rapa Nui, seguido de los archipiélagos en el
extremo oeste del HCLME, y nalmente las zonas de surgencia costera, proponiendo
gue las zonas mas alejadas en el océano son mas proclives ante el cambio climatico.
Finalmente, se observd que las condiciones de temperatura y pH experimentaran
una menor variacion bajo un escenario de mitigacion, con una tendencia decreciente
a lo largo del tiempo; en contraste, dichas condiciones se verian agravadas en un
escenario futuro basado en un elevado uso de combustibles fésiles.
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Capitulo 1. 1

Capitulo 1

1.1. Introduccion

El cambio climatico (CC), impulsado por las emisiones de carbono procedentes
de los combustibles fosiles y las actividades de cambio de uso del suelo [1-3]
conlleva amenazas signi cativas para los ecosistemas marinos [4-6], al forzar cambios
biogeoquimicos oceanicos como la desoxigenacion, el calentamiento y la reduccion de
pH en los océanos [3, 7-10]. Si bien estos efectos han sido bien documentados a escala
mundial, no necesariamente se replicaran en escalas locales, donde operan dinamicas
particulares de los ecosistemas y la biodiversidad marina. Esto aplica al océano
Paci co Sudoriental (SEP), una zona con regiones biogeogra cas contrastantes, alta
biodiversidad y endemismo marinos [11-14], asociada a gradientes marcados en las
propiedades del agua, debido una surgencia costera permanente y a la presencia de
una zona de minimo oxigeno (OMZ). Dentro del SEP se encuentra el Gran Ecosistema
Marino de la Corriente de Humboldt (HCLME), una de las zonas mas productivas
del mundo caracterizada por una gran diversidad de especies y la mayor actividad
pesquera de los cuatro sistemas de surgencia de limite oriental [9, 15-17]. En los
tltimos 15 afios, se han creado diversas Areas Marinas Protegidas (LSMPAs) dentro
del SEP, que albergan ecosistemas vulnerables, que comprenden islas oceénicas
y montes submarinos, como es el caso del Archipiélago Juan Fernandez (JFA),
Archipiélago Desventuradas (DA) y Rapa Nui (RN) [18]. Dichos sistemas estan
conectados de algin modo, gracias a la circulacion del giro anticiclénico de gran
escala, caracterizada por un ujo dominante desde JFA hacia DA, que se curva hacia
el oeste en direccion a RN [14, 19, 20]. Se ha documentado conectividad entre los
archipiélagos [21, 22], los sistemas de montes submarinos y la costa occidental de
Sudameérica [23].
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En el contexto del CC, se espera una elevada presion sobre las especies marinas, 1o
que puede desencadenar migraciones, dependiendo de la tolerancia y capacidades
adaptativas de las especies [24, 25, 12]. Sin embargo, esos impactos son dificiles de
evaluar, debido a la escasez de datos sobre los rasgos sioldgicos de las especies
gue habitan el SEP [26], sumado al hecho que los modelos climaticos globales, que
constituyen la base de la mayoria de los estudios de impacto, estan cargados de
incertidumbres [27]. No obstante, hay algunos efectos del CC que han sido bien
documentados. Con respecto a la temperatura super cial del mar, el patron de CC

en el SEP es similar a El Nifio, caracterizado por una tasa de calentamiento fuerte,
gue se extiende desde el Paci co ecuatorial hasta la costa de Peru y el norte de Chile,
y una tasa de calentamiento mucho mas débil en los subtrépicos de mar abierto
[20]. Este patrén se asocia al debilitamiento de los vientos alisios [28, 29], mientras
gue la tasa relativa de calentamiento minimo en los subtrépicos se asocia a cambios
en la circulacion atmosférica de bajo nivel, inducidos por la expansion de la celda
de Hadley [30-33]. Si bien existe un amplio consenso entre los modelos en cuanto
al patron general de calentamiento, estos discrepan en la intensidad de la taza de
calentamiento y la forma en que este penetra en la subtermoclina [34]. En cuanto

a los patrones de oxigeno en el SEP, existe incertidumbre sobre el comportamiento
futuro del limite superior de la OMZ. Mientras que la mayor parte del océano
SEP se desoxigenard como consecuencia del calentamiento [35, 36], las proyecciones
globales de los Earth System Models (EMSSs) indican que es mas probable que se
erosione el limite superior de la OMZ [37], favoreciendo teéricamente la expansion
del habitat epipelagico [26]. Fuera de la OMZ, la desoxigenacién puede afectar a las
especies costeras (por ejemplo, Grimothea monodon, ex Pleurocondes monodon [38])
y vulnerables de los sistemas insulares (en funcién de su tolerancia). Por otra parte,
se prevé que el pH global se reduzca debido al CC [7, 24, 39-41], lo que, acoplado
al calentamiento y la desoxigenacién, puede crear presiones compuestas sobre los
habitats marinos y perturbar redes tré cas marinas enteras.

Comprender como los factores multiples estrés se propagan en cascada a traves de
las redes tro cas o alteran los servicios ecosistémicos es un reto, debido tanto a
la complejidad de las interacciones entre estos factores de estrés y sus efectos en
los ecosistemas marinos. Las estrategias de conservacion y gestion suelen abordar
factores de estrés individuales (por ejemplo, areas marinas protegidas de nidas por
calentamiento o gestion de nutrientes para la desoxigenacion), en lugar de sus efectos
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combinados. En este trabajo, reconociendo la complejidad de este reto, pretendemos
profundizar nuestra comprension sobre como los patrones de CC descritos previamente
afectan tedricamente a los habitats marina. Herramientas como la velocidad climética

se han denominado fundamentales para resolver las brechas de conocimiento sobre
los efectos del CC en los ecosistemas marinos. La velocidad climatica, de nida como
la velocidad y direccion a la que cambian los climas, y los caminos que podrian seguir
las especies para mantener sus condiciones preferidas [42], proporciona un enfoque
valioso para comprender los cambios en los habitats, en respuesta a la alteracion
de variables oceanicas como la temperatura, el oxigeno y el pH [43]. Numerosos
estudios han utilizado la velocidad climatica para evaluar posibles habitats futuros
en diferentes ecosistemas [5, 20, 26, 44-47]. Mas aun, la velocidad climatica se ha
propuesto como una herramienta Gtil para determinar refugios climaticos, de nidos
por [48] como regiones con retencion climatica de largo plazo, lo que les con ere un
gran valor de conservacion y permite a las especies sobrellevar los efectos negativos
del CC en el futuro [5, 47-52]. Nuestro enfoque implica estimar velocidades climaticas
[5, 42, 46] de temperatura, oxigeno y pH, lo que nos permitié detectar regiones de
refugio y exposicion climatica, para todo el SEP y para cinco zonas especi cas dentro
de este, compuestas por islas de ecosistemas altamente vulnerables (JFA, DA y RN)
y zonas de surgencia de alta relevancia econémica, como el Sistema de Surgencias
del Norte de Chile (NCU; 18-30°S), y el Sistema de Surgencia del Centro-Sur de
Chile (SCCU; 32-41°S) ( gura 1), para explorar los cambios tanto en alta mar como

en tierra.

1.2. Proposito de la tesis

1.2.1. Formulacién del problema

El SEP es una region altamente relevante, tanto ecolégica como econémicamente,
debido a su elevada biodiversidad, alto nivel de endemismo y gran productividad
primaria, capaz de sostener actividades pesqueras de gran escala. Sin embargo, esta
zona enfrenta crecientes amenazas asociadas al cambio climatico, el cual a escala global
induce el aumento de la temperatura, la disminucion del oxigeno y la acidi cacién del
océano (reduccién del pH). Estos tres factores alteran de forma directa las condiciones
gue de nen los habitats marinos, comprometiendo su estabilidad y resiliencia.

A pesar del alto riesgo que representan estos cambios en los ecosistemas marinos,
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la comprension de sus impactos en el SEP sigue siendo muy escasa, limitando
la capacidad de anticipar cambios ecosistémicos, identi car zonas vulnerables o
resilientes, o disefiar medidas efectivas de conservacion y manejo pesquero. Frente a
este escenario, surge la necesidad de evaluar qué zonas del SEP seran mas o menos
afectadas por el cambio climatico, estudiando posibles cambios en variables clave
como la temperatura, el oxigeno y el pH.

En este estudio se aborda este problema, a través del uso de las velocidades climaticas.
Se busca diferenciar zonas dentro del SEP, segun su estado de cambio climatico, para
tres profundidades de la capa epipelagica, comparando dos escenarios contrastantes,
tanto a un futuro cercano, como lejano. El andlisis de la velocidad climatica, aplicado
sobre proyecciones del CMIP6, ofrece una herramienta adecuada para identi car
zonas de conservacion, migracion o pérdida climética, y asi aportar evidencia cienti ca
relevante para guiar estrategias de adaptacion y conservacion. Este estudio, por tanto,
se enfoca en cuanti car estos patrones bajo dos escenarios contrastantes (SSP5-8.5 y
SSP1-2.6), vinculados a posibles trayectorias futuras de desarrollo social, econdmico
y ambiental, con el objetivo de mejorar nuestra comprensién del cambio climético
en el SEP, identi car areas prioritarias y caracterizar las dinamicas particulares de
zonas biolégica y econédmicamente relevantes.

1.2.2. Objetivos de investigacion

En este estudio buscamos evaluar el efecto del cambio climético en los ecosistemas
epipelagicos del Océano Paci co sudoriental, a través del célculo de las velocidades
climaticas sobre tres factores que determinan las condiciones particulares de cada
habitat marino: temperatura, oxigeno y pH.

1.2.2.1. Objetivos especi cos

1. Determinar horizontalmente zonas de conservacion, migracion y pérdida
climatica, para las tres variables mencionadas, en tres profundidades
equidistantes dentro de la capa epipelagica (0, 100 y 200 m), y asi sugerir qué
zonas presentan mayor o menor resistencia al cambio climatico.

2. Estimar las zonas mas propensas al cambio climético, de nidas como areas que
pertenezcan al 25% de las velocidades climaticas mas rapidas.

3. Evaluar las diferencias en los patrones espaciales de estas areas (objetivo 2),
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bajo escenarios climéaticos contrastantes (uno basado en el uso intensivo de
combustibles fosiles y otro en un desarrollo sustentable), con el n de explorar
la variabilidad de impactos potenciales tanto a corto (2015 2050) como a largo
plazo (2015 2100).

4. Estudiar y comparar los efectos del cambio climatico en zonas especi cas
(archipiélago de Juan Fernandez, Archipiélago Desventuradas, Rapa Nui, zona
de surgencia del norte de Chile y la zona de surgencia centro-sur de Chile),
elegidas por su destacada importancia bioldgica y econdmica, buscando patrones
de similitud o diferencias, en sistemas con dinamicas particulares.

1.2.2.2. Hipotesis de investigacion

Hipdtesis: Los cambios inducidos por cambio climéatico son altamente complejos,
debido a las dinamicas fisico-quimicas individuales y sinérgicas entre las variables
oceanicas de interés (en nuestro caso temperatura, ph y oxigeno), que cambian tanto
vertical como horizontalmente. Por lo anterior, hipotetizamos que:

Hol: Se plantea que, en el SEP, existen zonas altamente vulnerables al cambio
climatico (pérdida climatica), asi como areas que podrian mostrar resistencia (bajas
velocidades climaticas) o mantenerse inalteradas (conservacion climatica). Estas
diferencias en las zonas identi cadas son independientes de las variables consideradas,
como la profundidad o el tipo de factor climatico evaluado, sugiriendo que su
comportamiento no depende exclusivamente de una sola variable.

Ho2: se postula que el escenario climatico sustentable presenta menores velocidades
climaticas en todas las variables analizadas en comparacion con el escenario de
uso de combustibles fésiles, independientemente del periodo (corto o largo plazo)

considerado en el estudio.

Hipotesis Alternativa:

H1: A pesar de la complejidad de las dinamicas oceanicas, la in uencia del cambio
climatico es constante y general, generando patrones estables in uidos principalmente
por el calentamiento.

H2: El escenario climético sustentable, en comparacion con el escenario basado en el
uso de combustibles fosiles, no presenta menores velocidades climaticas en todos los
casos, para todas las variables.
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Capitulo 2

E ects of climate change on marine habitat in the
southeastern Paci c: Multiple ocean stressors assessed
through climate velocities

2.1. Abstract

Anthropogenic climate change has triggered a cascade of impacts on marine
ecosystems, often referred to as the deadly trio: warming, acidi cation, and
deoxygenation. While these stressors will globally lead to the compression of marine
habitats, their regional e ects vary signi cantly and remain understudied. This is
particularly true for the southeastern Paci ¢ (SEP), which supports rich pelagic and
benthic ecosystems closely linked to a complex sea oor featuring archipelagos and
extensive seamount chains. Using model simulations from Phase 6 of the Coupled
Model Intercomparison Project (CMIP6), this study examines future regional-scale
environmental changes in the SEP. Our analysis builds on the observation that
the South Paci c Ocean Gyre is among the regions experiencing the least warming
globally and that the epipelagic zone within the oxygen minimum zone may oxygenate
in the future. These conditions may promote habitat expansion, which we assess using
the climate velocities for temperature, oxygen, and pH. We demonstrate that, in a
pessimistic near future (2015 2050), most regions show a potential climatic loss in
the entire epipelagic layer. However, two broad areas bene t from conservation below
the surface: a region in the tropics extending from 18 100 W to the east of Rapa
Nui and the coastal region of Peru and Chile, extending up to the Desventuradas
and Juan Fernandez archipelagos. While the former is due to the slow warming rates,
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the latter results from both slow deoxygenation and oxygenation climate velocities
along the coast of those countries, a zone that overlaps with the lowest changes
in pH in the SEP, giving them a unique conservation value. We demonstrate that
epipelagic ecosystems within the oxygen minimum zone may be less impacted by
climate change than those outside of it.

2.2. Introduction

Climate change (CC), driven by carbon emissions from fossil fuels and land-use change
activities [1-3], is reshaping ocean biogeochemistry and threatening marine ecosystems
[4-6], by forcing ocean biogeochemical changes such as ocean deoxygenation, warming,
and pH reduction [3, 7-10]. Although those e ects have been well documented on a
global scale, we cannot assume that smaller-scale locations, which support speci c
ecosystem dynamics and marine biodiversity, will experience the same e ects. This
applies to the southeastern Paci c (SEP), a region with contrasted biogeographical
regions and a high marine biodiversity and endemism [11-14], associated with a
marked mean gradient in water properties because of the permanent coastal upwelling
and an oxygen minimum zone (OMZ). The SEP encompasses the Humboldt Current
Large Marine Ecosystem (HCLME), one of the most productive zones in the world
characterized by a high species diversity and the highest shing activity of the four
eastern boundary upwelling systems [9, 15-17]. Several large-scale marine protected
areas (LSMPAs) have been created within the SEP over the past 16 years. These
areas host vulnerable ecosystems, such as oceanic islands and seamounts, as is the
case of the Juan Fernandez Archipelago (JFA), Desventuradas Archipelago (DA), and
Rapa Nui (RN) [18]. Such systems are somehow connected because of the large-scale
anticyclonic gyre circulation, characterized by a dominant ow from JFA towards

DA, which bends westwards towards RN [14, 19, 20]. Connectivity between the
archipelagos [21, 22], seamounts systems and the west coast of South America [23]
have been documented.

Global warming is expected to result in high pressure on marine species, which may
trigger migration, depending on the species’ tolerance and adaptive capacities [12, 24,
25]. However, such impacts are di cult to assess because data on the physiological
traits of species inhabiting the SEP are scarce [26] and because global climate models,
which form the basis of most impact studies, are burdened with uncertainties [27].
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Nevertheless, some CC e ects have been well documented. In terms of sea surface
temperature, the CC pattern in the SEP is El Nifio-like, characterized by a stronger
warming rate extending from the equatorial Paci ¢ to the coast of Peru and northern
Chile and a much weaker warming rate in the open-ocean subtropics [20] The El
Nifio-like pattern is associated with the weakening of trade winds [28, 29]. On the
other hand, the relative minimum warming rate in the subtropics is associated
with changes in the low-level atmospheric circulation induced by the expansion of
the Hadley cell [30-33]. Although the models largely agree on the overall pattern,
they vary signi cantly in the magnitude of the warming rate and its penetration

into the sub-thermocline [34]. The uncertainty regarding oxygen trends in the SEP
concerns the future behavior of the upper bound of the OMZ. While most of the
SEP will deoxygenate due to warming [35, 36], projections from global Earth System
Models (EMSs) suggest that the upper bound of the OMZ is more likely to be eroded
[37], theoretically favoring the expansion of epipelagic habitats [26]. Outside the
OMZ, deoxygenation may impact coastal (e.gGrimothea monodon ex Pleurocondes
monodon [38]) and vulnerable species of the island systems. In addition, the global
oceanic pH is projected to decrease because of CC [7, 24, 39-41], which, coupled with
warming and deoxygenation, can create compounding pressures on marine habitats
and disrupt entire marine food webs.

Understanding how cumulative stressors cascade through food webs or disrupt
ecosystem services is challenging because of the complex interactions among these
factors and their e ects on marine ecosystems. Conservation and management
strategies often focus on individual stressors such as marine protected areas for
warming or nutrient management for deoxygenation, rather than their compounded

e ects. Here, recognizing the complexity of this challenge, we aim to deepen our
understanding of how the previously described patterns of CC impact theoretical
marine habitability. Climate velocity has emerged as critical for addressing knowledge
gaps about the e ects of CC on marine ecosystems. Climate velocity, de ned
as the speed and direction at which climates shift and the paths species may
follow to maintain their preferred conditions [42], provides a valuable framework
for understanding habitat changes in response to altered ocean variables such as
temperature, oxygen, and pH [43]. Several studies have used climate velocity to
assess future habitats across di erent ecosystems [5, 20, 26, 44-47]. Furthermore,
climate velocity has been proposed as an useful tool to determine climate refugia,
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de ned by [48] as regions with long-term climate retention, which gives them high
conservation value and enables species to withstand the negative e ects of CC in the
future [5, 47-52]. Our approach involves estimating the climate velocities [5, 42, 46]
of temperature, oxygen, and pH, enabling us to map regions of climatic refugia and
exposure, for the entire SEP and ve speci ¢ zones within it. These zones, include
highly vulnerable island ecosystem (JFA, DA, and RN) and upwelling zones with
high economic relevance, such as the Northern Chilean Upwelling System (NCU,
18 30 S) and the Southern-Central Chilean Upwelling System (SCCU, 321 S)
(Figure 2.3.1), to explore both o shore and onshore changes.

2.3. Methodology

2.3.1. Earth System Models for the southeastern Pacic

The ESMs used in this study belong to Phase 6 of the Coupled Model Intercomparison
Project (CMIPG6, [53]) under two contrasting scenarios: 1) The SSP1-2.6 scenario
(Sustainability) and 2) the SSP5-8.5 scenario (Fossil-fueled Development) (see Section
2.7.1.1 or [54] for the scenarios' details). Seventeen models were used for temperature,
11 for oxygen and 10 for pH (see Tables 2.9.1 and 2.9.2). Model selection was
constrained by data availability rather than a systematic criterion. However, by
focusing on the ensemble mean for each variable, we assume that these subsets provide
an overall average that minimizes the uncertainty associated with the structural
model error [27]. Model variables were bilinearly interpolated on a common © 1
horizonal grid. Vertically, we select three depths within the epipelagic layer (surface,
100, and 200 m). Monthly means for 2015 2100 were used.

We focus on the SEP (de ned as 060 S and 70 130 W) and ve zones within it
(Figure 2.3.1). Three of these zones were located around islands ( 200 nm around the
center) and two were eastern boundary upwelling systems ( 200 nm from the coast).
The island zones [13, 20] corresponded to JFA (33.&} 78.84W), DA (26.32 S,

80 W) and RN (27.12 S, 109.35W), and the upwelling systems corresponded to the
NCU (18 30 S, 70 71.5 W), with constant favorable upwelling winds all year round,
and the SCCU (3541 S, 72 73.5 W), with highly seasonal favorable upwelling
winds [55].
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Figure 2.3.1: Map of the domain and focal zones. The study area extends over the
domain 130 to 60 W and 10 N to 60 S. The focal zones of study are Rapa Nui (RN),
Desventuradas Archipelago (DA), Juan Fernandez Archipelago (JFA), Northern
Chilean Upwelling System (NCU), and the Southern-Central Chilean Upwelling
System (SCCU).

2.3.2. Climate velocity

Climate velocity, which corresponds to the rate at which the average conditions
of a variable (hereafter de ned as climate) move (shift, expand, or contract) in
kilometers per year (y—T) was estimated. The climate velocity corresponds to the
ratio between a temporal trend (e.gs = y—‘f) and a spatial gradient g = =) [42],
and was calculated following [46], using the VoCC package in R [56]. We used the
gradient-based approachdV oCC= 3) where the time trend (S) is estimated as the
slope of the linear regression of the time series of a focal cell, and the two-dimensional
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spatial gradient (g), calculated on a3 3 grid (around the focal cell) [44]. The climate
velocity was estimated for temperature, oxygen, and pH at the three selected depths
(surface, 100, and 200 m) and for two periods (2015 2050, 2015 2100) to evaluate
changes between near and far future. The climate velocities for the second period
(2015 2100) were used for the calculation of the fastest zones (FZ) (see Methodology
Section 2.4). The ensemble means of the variables were obtained before the climate
velocity was calculated. The associated error of the estimation was assessed using
a bootstrap method [57], which involved calculating the climate velocity of 1000
random samples from the models' ensemble. Each bootstrap sample represents the
average of a random selection with replacement of the 17, 11, and 10 models for
temperature, oxygen, and pH, respectively. The spatial gradient threshold, which
de nes the minimum possible value of spatial gradient to be used in the climate
velocity calculation, was set atl0 4 following [46]. There is no established method
for de ning this threshold in a multi-stressor context. Therefore, in this study we
will apply the same value to all three variables. The supplementary material presents
the results of sensitivity test for this threshold (see Section 2.7.1.2 and Figure 2.8.3).
The conclusions of this paper are una ected by the choice of threshold within the
tested range.

2.3.3. Climate states: from conservation to loss

Climate velocity trajectories, corresponding to the path followed by a climate in a
speci ¢ period were determined based on the methodology of [45], who split them into
nine categories: non-moving, slow-moving, relative sink, coastal sink, internal sink,
source, corridor, divergence and convergence (Table 2.9.6). These climatic categories
are then classi ed into four primary climate states: conservation, migration, loss
or oxygenation/cooling. Climate conservation corresponds to the cells where no
signi cant climatic displacement occurred (displacement <100 km) in the total
period (non-moving and slow-moving). Climate migration corresponds to the cells
where a high climatic arrival or departure was observed (divergence and convergence).
Climate loss corresponds to cells where climate disappears, or migrate excessively, with
low residence time (sink, coastal sink, internal sink, source and corridor). Migration
and loss classi cations apply only to climate velocities of warming, deoxygenation and
pH reduction climate velocities. Climate oxygenation/cooling classi cation applies to
cells where climate velocities of oxygenation or cooling are fast enough to avoid being
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classi ed as conservation zones. Additionally, we use the conservation classi cation
to identify climate refugia, areas that retain their climates over long periods, allowing
species to resist future harmful impact of CC and providing high conservation value
[48]. We focused on the climate velocities (section 2.2) and climatic state (section 2.3)
analysis of the fossil-fueled scenario in the near future to prioritize the outcomes
of the worst possible case, which corresponds to the current global socioeconomic
pathway. The supplementary material presents the results for the sustainability
scenario (Figures 2.8.1 and 2.8.2).

2.3.4. Fastest climate velocity zones

The fastest climate velocity zones or fastest zones (FZ) are the areas most a ected
by individual or combined stressors. The temporal evolution of these zones was
assessed by comparting far and near future periods to identify whether the zone
expands, contracts, disappear, or new ones will emerge. The FZs calculation was
based on climate velocity and representedb % of the highest climatic velocities
for all the SEP for the near future. The FZ for temperature was de ned as the
zones where the climate velocities for this parameter are above the 75th percentile of
the distribution corresponding to the whole SEP. By contrast, because the climate
velocities associated with deoxygenation and acidi cation are negative, the FZs for
oxygen and pH were de ned as the zones where the corresponding climate velocities
are below the 25th percentile for each scenario and depth (Table 2.3.1).

Table 2.3.1: Fastest zones thresholds%{,ﬂ, with associated standard error estimate
by bootstrap resamplingn = 1000), calculated as the 25 % fastest climate velocities
of the near future. These thresholds correspond to the 75th percentile of the climate
velocity for temperature and the 25th percentile of the climate velocities for oxygen
and for pH. * Indicates values less than twice the standard error.

SSP5-8.5 SSP1-2.6
Depth (m)  Temperature Oxygen pH Temperature Oxygen pH
0 11.93+ 0.99 -11.874* 0.92 -36.94 0.41 4.37+ 0.54 -7.72+ 0.62 -18.3+ 0.25
100 7.63t 0.47 -5.22+ 0.59 -37.32+ 4.14 4.45+ 0.44 -8.05+ 5.12* -19.17+ 1.87

200 9.86+ 0.63 -5.4+ 0.83 -36.1+ 290 7.17+ 0.68 -9.06+ 6.94* -20.66+ 1.87
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2.4. Results and discussion

2.4.1. Climate velocities and conservation state of the SEP

First, we analyzed the climate velocity patterns for each variable at the selected
depths for the worst near-future case (the fossil-fueled scenario for 2015 2050,
Figure 2.4.1). The highest warming climate velocities a ected most of the Equatorial
Sector (10S to 10N, Figure 2.3.1), following the EI Nifio-like pattern [58-60], across
all depths (Figures 2.4.1(a), (b) and (c)). The HCLME (Figure 2.3.1) also presented
high climate velocities at 100 and 200 m (Figures 2.4.1(b) and (c)), similar to [20].
This pattern was also found by [47], but from 2000 to 2019, suggesting that it has
been maintained for a longer period. This could be due to the lack of surface-cooling
mechanisms (like upwelling), which only a ect the upper levels [47, 61, 62]. The
Equatorial Sector and the HCLME at the subsurface are characterized as regions that
experience climatic temperature loss (Figures 2.4.2(a), (b) and (c)). On the other
hand, three temperature climate refugia were found: two in the tropical subsurface
(5 S at 100 m, 10S at 200 m) which extends eastward at least 40rom 130 W,
despite the tropic's thermal expansion [63-65], and another one located in southern
Chile ( 55 S) across all depths (Figures 2.4.2(a), (b) and (c)).

The climate velocities for oxygen and temperature at the surface were remarkably
similar, with the highest deoxygenation velocity at the Equatorial Sector, showing
mainly oxygen climatic loss (Figures 2.4.1(d) and 2.4.2(d)). This result is expected
because oxygen concentrations are greatly in uenced by surface heat. By contrast,
the subsurface presents both slow deoxygenation and oxygenation climate velocities
at the equatorial sector and the HCLME (Figures 2.4.1(e) and (f)), which are mostly
classi ed as climate conservation regions, and therefore, oxygen climate refugia
(Figures 2.4.2(e) and (f)). At depths of 100 and 200 m, the processes modeling the
distribution and patterns of oxygen di er from those of warming. Indeed, vertical
advection, OMZs, and subsurface currents are some of the major factors in uencing
the oxygen balance [66, 67]. These results support the negative climate velocity
for oxygen (deoxygenation) in the HCLME surface (Figure 2.4.1(d)), but positive
(oxygenation) at 100 m, which extends with increasing depth to 200 m (Figures
2.4.1(e) and (f)). This observation is consistent with [20] and [37], who explain the
e ect of oxycline deepening and OMZ erosion during El Nifio events.
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