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RESUMEN (en espaiiol)

Las olas de calor marinas son episodios transitorios de temperaturas oceanicas
extremadamente altas que pueden causar impactos profundos y duraderos en la estructura y el
funcionamiento de los ecosistemas marinos, asi como en los medios de vida humanos y las
actividades econdmicas que dependen de sus recursos. La incidencia, intensidad y duracién de
las olas de calor marinas han aumentado en todo el mundo a consecuencia del calentamiento
oceanico, y las simulaciones de modelos climaticos proyectan un aumento en su frecuencia y
gravedad en los préximos anos. Los analisis globales brindan una comprension amplia de las
tendencias de las olas de calor marinas, pero la investigacion regional sigue siendo crucial para
captar impactos localizados y entender la realidad experimentada por los ecosistemas marinos.
Este trabajo se centra en caracterizar las olas de calor marinas, analizar sus tendencias y
evaluar sus impactos en el Golfo de Vizcaya, una region con ecosistemas marinos diversos y
socioecondmicamente importantes donde el conocimiento sobre estos eventos extremos esta
comenzando a desarrollarse. En primer lugar, analizamos tendencias en la ocurrencia de olas
de calor marinas y sus caracteristicas clave en dos ubicaciones costeras en el Mar Cantabrico
central utilizando datos de temperatura in situ recopilados entre 1998 y 2019. Si bien la corta
duracion y la presencia de lagunas en las series de temperatura impidieron la deteccién de
tendencias significativas, encontramos una correlacion positiva entre la incidencia de olas de
calor marinas y la fase positiva del patron del Atlantico este, asi como una posible asociacion
con cambios documentados de poblaciones de macroalgas formadoras de habitat. En segundo
lugar, realizamos un analisis comparativo de la incidencia y las caracteristicas clave de las olas
de calor marinas derivadas de registros de temperatura in situ y aquellas detectadas mediante
productos de deteccion remota. Descubrimos que las estimaciones satelitales tendian a pasar
por alto el afloramiento costero estival y, en consecuencia, conducian a una sobreestimacion
de la incidencia y duracion de las olas de calor marinas cerca de la costa. Para corregir estos
sesgos, desarrollamos un enfoque de reduccion de escala basado en modelos de regresion
que consigue reconciliar las mediciones in situ y satelitales considerando el afloramiento
costero y los flujos de calor aire-mar. Este método nos permiti6 predecir con precision la
incidencia de las olas de calor marinas costeras en un ambito espaciotemporal prolongado y
revelar una sextuplicacion de su ocurrencia en el sur del Golfo de Vizcaya durante las ultimas
cuatro décadas. Los andlisis de tendencias basados en umbrales de deteccién estaticos versus
dinamicos indican que mas de la mitad de este aumento es atribuible a la tendencia
subyacente del calentamiento ocednico. Por ultimo, examinamos las tendencias a largo plazo
en la temperatura media de la superficie del mar, el afloramiento, la turbulencia, las olas de
calor y las olas de frio marinas en la plataforma continental del Golfo de Vizcaya durante las
Ultimas cuatro décadas y evaluamos su influencia en la supervivencia temprana de cuatro
especies clave de pequenos peces pelagicos: la anchova, la caballa, el chicharro y la sardina.
Reportamos un aumento general de la temperatura de la superficie del mar, una intensificacion
de las olas de calor marinas y un debilitamiento de las olas de frio. También encontramos que
los procesos relacionados con el viento ejercen impactos variados segun la especie y la region.
Las aguas mas cdlidas y las olas de calor marinas fomentan la supervivencia de la caballa pero
perjudican la del chicharro en todo el Golfo, mientras que las olas de frio marino afectan
negativamente a la anchoa y la caballa. En conjunto, nuestro trabajo destaca la importancia del
seguimiento continuado de las olas de calor marinas en el Golfo de Vizcaya y subraya la
necesidad de incluir proyecciones climaticas en proximas investigaciones para anticipar futuras
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tendencias en la region. Desde una perspectiva metodoldgica, aporta modelos estadisticos
para mejorar la deteccidn y caracterizacion de olas de calor marinas en mares costeros y de
plataforma que pueden complementar instrumentos de monitoreo in situ de alta resolucion.
Finalmente, nuestro trabajo pone el foco en el impacto de las olas de calor marinas en las
comunidades de macroalgas y pequefios peces pelagicos de la regién y enfatiza la necesidad
de realizar nuevos esfuerzos de conservacion y gestion que se adapten al clima y que tengan
como objetivo lograr la resiliencia de los ecosistemas en un mundo que se calienta.

RESUMEN (en inglés)

Marine heatwaves are transient episodes of extremely high ocean temperatures that can cause
profound, long-lasting impacts on the structure and functioning of marine ecosystems, as well
as on human livelihoods and economic activities reliant on their resources. The incidence,
intensity, and duration of marine heatwaves have been increasing worldwide as a response to
ocean warming, and climate model simulations project an upcoming rise in their frequency and
severity in forthcoming years. Global analyses provide a broad understanding of marine
heatwave trends, but regional research remains crucial for capturing localized impacts and
addressing the actual experiences of marine ecosystems. This work focuses on characterizing
marine heatwaves, analyzing their trends, and assessing their impacts in the Bay of Biscay—a
region with diverse and socioeconomically important marine ecosystems where knowledge on
these extreme events is beginning to unfold. First, we analyzed trends in marine heatwave
occurrence and key features at two coastal locations in the central Cantabrian Sea using in situ
temperature data gathered within 1998-2019. While the short length and of the presence of
gaps in the temperature series prevented the detection of significant trends, we found a positive
correlation between marine heatwave incidence and the positive phase of the East Atlantic
pattern, as well as a potential association with reported population shifts of habitat-forming
macroalgae. Second, we conducted a comparative analysis of the incidence and key features of
marine heatwaves derived from in situ temperature records and those detected via remotely-
sensed products. We found that satellite estimates tended to overlook summer coastal
upwelling and consequently led to overestimated marine heatwave incidence and duration
nearshore. To amend these biases, we developed a downscaling approach based on
regression modeling that achieves to reconcile in situ and satellte measurements by
considering coastal upwelling and air-sea heat fluxes. This method allowed us to accurately
hindcast coastal marine heatwave incidence over a prolonged spatiotemporal scope and reveal
a six-fold increase in their occurrence across southern Bay of Biscay over the last four decades.
Trend analyses based on static vs. dynamic detection thresholds indicate that over half of this
increase is attributable to the underlying ocean warming trend. Lastly, we examined long-term
trends in average sea surface temperature, upwelling, turbulence, marine heatwaves and cold-
spells across the continental shelf of the Bay of Biscay over the last four decades and assessed
their influence on the early life survival of four key small pelagic fish species: anchovy,
mackerel, horse mackerel and sardine. We report an overall rise in sea surface temperature, an
intensification of marine heatwaves and a weakening of cold-spells. We also found that wind-
related processes exert varied impacts depending on the species and region. Warmer waters
and marine heatwaves foster mackerel survival but hamper that of horse mackerel across the
entire Bay, whereas marine cold-spells negatively affect anchovy and mackerel. Altogether, our
work highlights the importance of continued marine heatwave monitoring in the Bay of Biscay
and stresses the need to include climate projections in upcoming research to anticipate future
trends in the region. From a methodological perspective, it contributes statistical models to
improve the detection and characterization of marine heatwaves in coastal and shelf seas that
can complement high-resolution, in situ monitoring instruments. Finally, our work brings into
light the impact of marine heatwaves on macroalgae and small pelagic fish communities in the
region and emphasizes the urge for new, climate-adaptive conservation and management
efforts aimed at achieving ecosystem resilience in warming world.

SR. PRESIDENTE DE LA COMISION ACADEMICA DEL PROGRAMA DE DOCTORADO
EN BIOGEOCIENCIAS
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Chapter 1

Introduction

Global change stands as one of the defining issues of our time (IPCC, 2023). Human
activities have been the unequivocal driver of this phenomenon, mainly through the emission of
greenhouse gases by unsustainable practices such as fossil fuel burning, exploitative land use and
consumption-centered lifestyles. Its effects have been vividly apparent in the last few decades
with rising global temperatures, shifting weather patterns, melting ice caps, rising sea levels and
an increasing frequency and intensity of extreme weather events, among other manifestations.
These impacts hold far-reaching, multifaceted repercussions that transcend environmental

domains, permeating into the stability of present and future economies and social structures.

The ocean plays a crucial role in supporting human well-being. Economically, it contributes 2.5%
of global gross domestic product (GDP), employs 1.5% of the global workforce, and is projected
to reach an estimated output of USS$3 trillion by 2030 (Organization for Economic Co-operation
and Development, 2016). Ecologically, it regulates the global climate by absorbing and storing
vast amounts of carbon dioxide (Gruber et al., 2023), maintains the functioning, resilience, and
services provided by ecosystems (Costanza et al., 2014) and hosts vital habitats for a wide range
of biodiversity (Costello et al., 2017), among many other essential functions. As a whole,
sustainable and healthy oceans are key in meeting climate and societal goals for a resilient and

equitable future (Hoegh-Guldberg et al., 2019) — a future that is currently at a crossroads.

Model projections under different greenhouse gas emission scenarios predict unprecedented
changes in ocean conditions throughout the 21st century, i.e. increased temperatures, greater
upper ocean stratification, acidification, deoxygenation and altered net primary production
(Kwiatkowski et al., 2020). Although the rates and magnitudes of these changes are expected to
be smaller under low emission scenarios, they are nonetheless foreseen to induce consistent
declines in the biomass and species richness of marine animal communities (Tittensor et al., 2021;
Penn & Deutsch, 2022). As of today, 66% of the global oceans are already experiencing
increasing cumulative impacts from a variety of drivers (IPBES, 2019a). These impacts heighten
the risk of marine ecosystem disruption worldwide and directly compromises the ocean's role in
sustaining essential goods and services for human welfare (Ruckelshaus et al., 2013).
Consequently, there has been a notable rise in the prominence of ocean governance, emphasizing
international collaboration and the development of comprehensive management strategies to

tackle the complexities of marine ecosystems and anticipate future challenges (Haas et al., 2022).
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Chapter 1: Introduction

The success of such strategies relies on scientific research aimed at exploring the complexities

and drivers of stressed oceanic systems, along with their associated impacts and repercussions.

Global ocean warming has emerged as a central focus in environmental scientific research due to
its profound implications for marine ecosystems and the planet as a whole (Cheng et al., 2022,
2023). Within this context, extreme temperature events have garnered considerable attention in
recent years for their disruptive effects on marine biodiversity, ecosystems, and associated
socioeconomic activities (Frolicher, 2019). Marine heatwaves are periods of extremely high
temperatures that can last for days to months, can extend up to thousands of kilometers, and can
penetrate multiple hundreds of meters deep into the ocean (Oliver et al., 2021). While marine
heatwaves are not a new phenomenon and can occur naturally, their frequency and intensity have
increased globally over the past century driven by the growing influence of climate change (Oliver
et al., 2018; Laufkotter et al., 2020). Given the escalating concern over their associated impacts,

quantifying trends and patterns of marine heatwaves has become a pressing issue.

The term ‘marine heatwave’ was first coined by Pearce et al. (2011) to describe an anomalously
warm water event in Western Australia in 2011, marking the inception of research in this field.
Consensus on qualitative marine heatwaves definition was not achieved until 2016 by Hobday et
al. (2016), who described them as "discrete, prolonged anomalously warm water events" and
provided quantitative criteria for their identification. First, marine heatwave detection must be
based on a sufficiently long, temporally consistent climatological baseline (Hobday et al., 2016;
Schlegel et al., 2019) that can be either seasonally varying or fixed, depending on the research
objectives at hand (Chiswell, 2022). Second, to be considered as such, marine heatwaves must
surpass a threshold set at the 90th percentile of the climatological baseline and last for at least 5
consecutive days (Hobday et al., 2016). This common framework paved the way for retrospective
comparisons between marine heatwave episodes worldwide and enabled the mechanistic

understanding of their role in diverse marine ecosystems.

The occurrence of marine heatwaves is modulated by a complex interplay of local and remote
drivers operating across different spatial and temporal scales (Holbrook et al., 2019). Locally,
marine heatwave emergence is attributed to changes in the surface mixed layer temperature
budget, driven by processes such as air—sea heat fluxes and oceanic advection currents on the
horizontal (e.g. geostrophic boundary currents and wind-driven Ekman flows) and the vertical
(e.g. upwelling and downwelling) (Oliver et al., 2021). The spatiotemporal reach of these
processes can be amplified through the influence of large-scale climate variability modes and
remote sources via teleconnections, which can potentially result in longer, wider-reaching, and
more intense marine heatwaves (Hobday et al., 2023). On a broader scale, increasing trends in
marine heatwaves incidence and intensity across global oceans are largely attributed to long-term

changes in mean sea surface temperatures (Oliver, 2019). As ocean warming continues to
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accelerate in the coming decades, future projections point towards more frequent and prolonged
marine heatwaves worldwide (Frolicher et al., 2018; Oliver et al., 2019). This trend poses a
significant threat to the sustainability of marine communities and directly jeopardizes the vital

goods and services they provide (Smale et al., 2019).

In recent years, several high-impact marine heatwave events have garnered attention due to the
severity and breadth of their repercussions, which have been extensively researched and
documented within the scientific community (Benthuysen et al., 2020). Some of the longest, most
intense events recorded include low-latitude marine heatwaves linked to the El Nifio in the Coral
Sea (2016, 2017, and 2020; Benthuysen et al., 2021) and off the Australian coast (2011, 2015/16
and 2017/18; Kajtar et al., 2021), high-latitude events in the northwest Atlantic (2012 and 2016;
Pershing et al., 2018) and multiyear, persistent episodes in the northeast Pacific (2014/16 and
2019/21; Barkhordarian et al., 2022), including the longest marine heatwave on record, ‘the Blob’
(Di Lorenzo & Mantua, 2016).

The ecological and socioeconomic impacts stemming from the occurrence of these and other
extreme marine heatwaves worldwide are diverse and profound. Mass mortality events, loss of
seagrass and kelp forests, extended coral bleaching, harmful algal blooms, depleted zooplankton
biomass, species tropicalization, distribution range shifts, and the overall restructuring and/or
depletion of marine ecosystems ultimately reverberate in the economy through decreased tourism,
potential health risks, reduced catch quota, fisheries closure, and civil unrest (Smith et al., 2021).
As marine heatwaves deepen the conflict between humans and wildlife (Samhouri et al., 2021),
understanding ecosystem-specific responses becomes imperative for effective conservation and

management efforts across different regions of the world (Thoral et al., 2022).

The preceding overview provides a little glimpse into the current state of the art in marine
heatwave research, offering insights into the latest advancements in understanding their dynamics,
drivers and associated impacts. This work presents contributions that delve into the
characterization, detectability, and repercussions of marine heatwaves in ecologically significant
regions, aiming to contribute additional pieces to the larger puzzle of comprehending and
addressing marine heatwaves in a changing global ocean. Our focus lies on the temperate marine
environment of the Bay of Biscay, which constitutes a unique setting for marine environmental
science that, beyond its longstanding tradition of research and exploration, presents a significant
gap in marine heatwave monitoring and assessment. The major features of the Bay of Biscay
include i) weak circulation patterns mostly shaped by the influence of Atlantic waters, ii)
pronounced seasonal mixing and stratification of water masses, and iii) coastal upwelling, river
discharge, and tidal dynamics across the continental shelf that contribute to substantial
fluctuations in primary production and phytoplankton biomass (Borja et al., 2019). Taking

advantage of this setting, we studied recent trends in marine heatwave incidence in coastal and
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Chapter 1: Introduction

shelf areas of the Bay making use of both in sifu and remote sensing data. We begin by
characterizing marine heatwaves off central Cantabrian Sea, while also examining the influence
of the East Atlantic pattern and identifying their potential impact on intertidal macroalgae
communities (Chapter 2). Then, we present a novel downscaling approach based on regression
modeling that reconciles discrepancies between field and satellite coastal temperature
measurements by considering the influence of alongshore upwelling and air-sea heat fluxes. This
method improves coast-level marine heatwave detection accuracy while retaining satellite
resolution, which enabled the reconstruction of past temperatures and the analysis of marine
heatwave trends along the northern coast of Spain over the last four decades (Chapter 3). In the
last chapter, we examine how environmental forcing and extreme temperature events affect the
early life survival of four pelagic fish species of both ecological and commercial relevance in the
Bay of Biscay (Chapter 4). Each chapter can be read independently and provides a detailed
introduction and discussion. The final chapter (Chapter 5) synthesizes the main findings and

results, presenting a comprehensive overview and highlighting the key conclusions reached.

1.1. Objectives

e Examine the frequency, intensity and duration of marine heatwaves in two intertidal locations
in central Cantabrian Sea and assess mechanistic links between marine heatwave occurrence,
changes in large-scale, atmospheric circulation, and documented shifts in the abundance and
distribution of dominant macroalgae species.

e Develop a statistical downscaling approach to enhance the detection of marine heatwaves in
coastal shelf ecosystems. Taking advantage of this approach, analyze marine heatwave trends
along the northern coast of Spain spanning four decades using static (no trend) vs. dynamic
(incorporating a linear warming trend) detection thresholds to distinguish potential impacts
of ocean warming.

e Assess long-term trends in sea surface temperature, coastal upwelling, wind turbulence,
marine heatwave and marine-cold spells across the continental shelf of the Bay of Biscay
over the last four decades, and examine their potential impact on the early life survival of
commercially exploited small pelagic species (anchovy, mackerel, horse mackerel and

sardine).
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Chapter 2

Marine heatwave characterization in southern

Bay of Biscay

Abstract

The trend towards an increased incidence of marine heatwaves (MHWs)
due to climate change poses a serious threat to the health of coastal ecosystems. Here,
we characterized MHWs based on daily in sifu water temperature measurements
collected from 1998 to 2019 in two intertidal coves, Oleiros and La Franca, located
in the central Cantabrian Sea coast, N Spain. The two study locations cover the
transition zone between cold- and warm-temperate benthic communities that
characterizes the biogeography of intertidal assemblages along the SW Bay of Biscay.
We examined the incidence, duration and magnitude of MHWs, and assessed the
emergence of trends towards more frequent, prolonged and intense MHWs during
the study period. We further assessed mechanistic links with modes of climate
variability by examining the association between MHW occurrence and the East
Atlantic pattern (EA). We detected 78 MHW events between Jan. 1998 and Mar.
2019 (40 in Oleiros, 38 in La Franca) and more than half were synchronous among
study locations. The incidence, duration, and intensity of MHWs were higher during
the positive phase of the EA, which is associated with air pressures above normal and
southwesterly winds during summer. The recorded MHWs also coincided with
documented shifts in the abundance and distribution of dominant macroalgae species
that triggered abrupt changes in the structure of intertidal communities of the region.
Our findings and the present scenario of climate change emphasize the need to
enhance research around the trends in the occurrence of MHWs in the coast of

northern Spain, and the NE Atlantic Ocean coast in general.

Keywords: Marine heatwaves, sea surface temperature, in situ measurements, East

Atlantic pattern, Bay of Biscay, coastal environment
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Marine heatwaves (MHWs) are transient episodes of extreme ocean temperatures that can
cause serious, long-lasting impacts on the structure and function of marine ecosystems (Hobday
et al., 2016). These authors define MHWs as lasting for at least 5 days and being warmer than the
90th percentile of the climatological observations. Parallel to the general trend in global ocean
warming, MHWSs have become more intense and frequent in recent years under the influence of
anthropogenic climate change (Fox-Kemper et al., 2021; Laufkotter et al.,, 2020). Extreme
temperature events like MHWs often exert stronger impacts than gradual changes associated with
ocean warming (Oliver et al., 2018), and often promote abrupt changes in the composition of
marine ecosystems (Wernberg et al., 2016). These impacts entail changes in natural communities
and considerable losses of the local ocean’s goods and services, leading to serious socioeconomic
issues (Smale et al., 2019). Analyzing trends and patterns in MHW occurrence has become a
pressing issue, especially under their imminent increase in likelihood and severity around the

world, according to future predictions (Frolicher et al., 2018; Collins et al., 2019).

In this global context, within the North-East Atlantic Ocean, the Cantabrian Sea is a narrow
(~30km) temperate coastal shelf sea that comprises the northern coast of Spain (southern Bay of
Biscay). The Cantabrian coastal waters have experienced an unabated increase in sea surface
temperature (SST) from the 1970s onwards by 0.22°C decade™ (deCastro et al., 2009; Chust et
al., 2022), which exceeds the global trend [~0.15°C decade™!, Rhein et al., 2013]. Increases in
mean SSTs have been identified as one of the main reasons for the worldwide increase in MHW
frequency and duration over the past century (Oliver et al., 2018). The occurrence of MHWs at a
global scale has recently been addressed through multiproduct analyses relying on satellite data
(Marin, Feng, et al., 2021; Varela et al., 2021). However, the incidence of MHWs in northern
Spain using field temperature data has only been recently assessed in Izquierdo et al. (2022). The
projected increase in MHW severity (Oliver et al., 2019) and the ecological impacts witnessed by

the scientific community (Smale et al., 2019) bring out the relevance of their study in the region.

The occurrence of MHWs has been linked to large-scale atmospheric circulation patterns
(Holbrook et al., 2019). In the Bay of Biscay, the East Atlantic pattern (EA) is the dominant mode
of climate variability (Borja et al., 2019). According to previous studies, it is among the most
representative regional patterns of atmospheric variation in the Northern Hemisphere (Rodriguez-
Puebla et al., 1998; Lorenzo et al., 2007). Modes of climate variability remotely modulate SSTs
through the alteration of sea surface energy fluxes and oceanic advection currents (Holbrook et
al., 2019). Their occurrence may hence prompt anomalous patterns in SST at a local-regional
scale (Deser et al., 2010; deCastro et al., 2011). The occurrence of MHWs is attributed to the

influence of different atmospheric and oceanic physical processes (Schlegel, Oliver, et al., 2021)
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that directly affect SST variations (Oliver et al., 2021). As a mode of large-scale atmospheric
circulation pattern, the assessment of the EA’s association with the incidence of MHWs in the
Cantabrian coast is of considerable interest for quantifying trends and patterns of their occurrence

in the region, as well as their impacts on different habitats.

Among these habitats, vegetated coasts form highly productive ecosystems that contribute
important services (Barbier, 2017), including its role as a net carbon sink of anthropogenic
emissions (Duarte, 2017). MHWs pose a serious risk to marine ecosystems dominated by
macroalgae, altering the distribution and abundance of their populations and the associated
community (Wernberg et al., 2016). Canopy-forming species (kelp, fucoids) play an essential role
as habitat-forming species and primary producers of the coastal marine ecosystems of the
Cantabrian Sea (Martinez et al., 2015). In the past few years, numerous authors have reported
significant and progressive changes in the distribution of the main coastal seaweed species in
northern Spain (Ferndndez & Anadon, 2008; Muller et al., 2009; Fernandez, 2011; Vigjo et al.,
2011; Duarte et al., 2013; Voerman et al., 2013; Fernandez, 2016; Pifieiro-Corbeira et al., 2016;
Casado-Amezua et al., 2019; Des et al., 2020). These shifts have been mostly associated with the
observed increase in SST in the region, among other factors (Gémez-Gesteira et al., 2008). The
intensification of MHWSs due to climate change compromises the endurance of these key
organisms and that of the very ecosystem (Smale et al., 2019). Their disappearance entails a
negative environmental impact for coastal communities and poses a threat to the maintenance of

the highly valuable goods and services they provide.

Here, we analyzed the incidence and characteristics of MHWSs over the period Jan. 1998 — Mar.
2019 at two intertidal locations in central Cantabrian Sea, SW Bay of Biscay. To assess the
influence of large-scale climatic anomalies on MHW incidence, we compared MHW records with
the historical series of an atmospheric index capturing variability in the EA pattern. Finally, we
screened the literature to identify potential impacts of MHWSs on intertidal communities along the
central Cantabrian coast. Our analyses bring to light the incidence and severity of MHWSs on the
Cantabrian coast while, in parallel, connect their occurrence to the influence of climate variability

modes and address their impacts on local marine ecosystems.

The study was conducted in the central Cantabrian Sea, SW Bay of Biscay (NE Atlantic).
The Cantabrian coast is subjected to a marked thermal gradient from a cooler western area with
an oceanic influence towards a warmer, more continental regime towards the inner Bay of Biscay

(Lavin et al., 2006). Cape Pefias influences regional coastal circulation and alongshore upwelling
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Chapter 2: Marine heatwave characterization in southern Bay of Biscay

La Fraﬁca

Figure 2.1. Map showing the two study locations of Oleiros and La Franca, which are separated by Cape Pefias.

Bathymetry data were extracted from the (GEBCO Compilation Group, 2021). Depth is expressed in meters.

patterns, which come ultimately defined by the prevailing seasonal winds (Valencia et al., 2004;
Llope et al., 2006). Oleiros (6.200W 43.575N) and La Franca (4.575W 43.395N) constitute two
coastal locations separated by ~100 km and by Cape Pefias, which represents an abrupt transition
in average temperature in the westward warming trend of the Cantabrian Sea (Fig. 2.1).
Altogether, the area represents a well-defined biogeographical transition zone between cold- and

warm-temperate waters.

2.2.2. In situ temperature data

Daily in situ temperature measurements were collected from Jan. 1998 to Mar. 2019 (~21
years) at Oleiros and La Franca using TidbiT V2 water temperature dataloggers (ONSET
Company). The data were retrieved with a reader HOBO Optic USB Base Station and converted
to text files through the program HOBOWare Pro v.3.7.10 (ONSET Company). In situ water
temperature dataloggers were fixed onto solid rock between 0.5-1m above minimum tidal level,
ensuring that they will always stay submerged at high tide. Loggers were programmed to record
water temperature twice per hour. We filtered the series to retain two daily records corresponding
to the semidiurnal high tides, from which we took the average value as a measure of daily mean

sea temperature.

The resulting time series misses daily temperature data during 6% of the study period in Oleiros
and 18% in La Franca. In terms of length and temporal consistence the temperature series would
be considered sub-optimal according to Hobday et al. (2016) but remains nonetheless suitable for

MHW research (Schlegel et al., 2019). The time series is framed within a warming period of the
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SSTs in the Cantabrian coast that began in the 1970s (deCastro et al., 2009). Ideally, the series
should span its overall length to thoroughly assess MHW impacts upon natural communities
within that period, as well as the evolution in their incidence (see Izquierdo et al., 2022). However,
no in situ records prior to 1998 are available and although the series remains adequate for MHW
characterization, the frequency, intensity and duration of the events detected in the present study

might be underestimated.

Trends in sea temperature based on the in situ records were obtained from Gaussian regression
coefficients based on Generalized Linear Models (GLM; Gelman & Hill, 2006) to assess the

presence of warming or cooling trends in the respective study locations.

The EA pattern, first described by Wallace & Gutzler (1981), is one of the most important
modes of atmospheric variability in the north Atlantic/European sector. It consists of a north—
south dipole in sea level pressure anomalies that spans the entire North Atlantic Ocean, with the
centers located near 55°N, 20-35°W and 25-35°N, 0-10°W (Barnston & Livezey, 1987). Its
structure resembles the North Atlantic Oscillation, although the EA pattern is associated with
atmospheric circulation across the subtropical Atlantic that influence storm tracks and air mass
transport towards southern Europe. The positive phase of the EA is associated with above-average
SSTs and precipitation in the northeast Atlantic margin, including the Bay of Biscay (Rodriguez-
Puebla et al., 1998; deCastro et al., 2008). The EA pattern has also been reported to have a notable
impact over maximum atmospheric temperatures over the Iberian Peninsula (Frias et al., 2005).
We extracted the monthly teleconnection index of the EA from the Climate Prediction Center of
the NOAA’s National Weather Service for the period 1998-2019. Northern Hemisphere
teleconnection indices are calculated based on the Rotated Principal Component Analysis used
by Barnston & Livezey (1987) applied to monthly mean standardized 500-mb height anomalies
obtained from the Climate Data Assimilation System in the analysis region 20°N-90°N between
Jan. 1950 — Dec. 2000. The anomalies are standardized by the 1950-2000 base period monthly
means and standard deviations. We examined the relationship between MHW incidence and the

occurrence of either phase of the EA pattern through a Chi-squared test.

We characterized MHWSs following Hobday et al.'s (2016) criteria, which state that a
MHW i) must last for at least 5 days ii) must be warmer than the 90" percentile of the
climatological observations and iii) must be based, at least, on a 30-year historical baseline period.
Although our time series is 21 years long, Schlegel et al. (2019) state that series as long as 10

years produce acceptable MHW metrics that may be used with some caution. We used in situ
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temperature data to create an annual climatological mean and a 90" percentile threshold, which
allowed us to set up the framework to detect MHWs. We considered the total number of MHWs
and MHW days to assess MHW incidence throughout time in both study locations. We also
described and classified each MHW according to the following set of summary statistics:
maximum intensity (highest temperature anomaly value during the MHW [ina, °C]), mean
intensity (mean temperature anomaly during the MHW [iyean, °C]), cumulative intensity (sum of
daily intensity anomalies [icum, °C days]) and duration (consecutive period of time [D, days])
(Table 2.A.1 in the Appendix). The former temperature anomalies refer to the temperature that
exceeds the annual climatological mean. Trends in MHW frequency, number of MHW days and
MHW duration -discrete variables, i.e., counts of events during some period of time- were
estimated using Poisson GLMs (e.g., Gelman & Hill, 2006). For this purpose, MHW duration and
the number of MHW days were both fixed by the yearly possible number of MHW days in order
to deal with missing data. MHW trends were examined both annually and seasonally for spring-
summer [Mar-Aug] and autumn-winter months [Sep-Feb] (Table 2.A.2 in the Appendix). We
assessed model adequacy through standard residual checks and accounted for overdispersion of

discrete data counts when necessary.

All analyses were implemented in R version 4.0.5 (R Core Team, 2021). MHW
characterization and analysis were performed using the library heatwaveR (Schlegel & Smit,
2018), which applies the MHW definition from Hobday et al. (2016). We made extensive use of
the libraries tidyverse (Wickham et al., 2019), lubridate (Grolemund &  Wickham,
2011), plyr (Wickham, 2011) and readx/ (Wickham & Bryan, 2019) to perform all calculations
and regression analyses. We also used the R  packages cowplot (Wilke,
2020), rnaturalearth (Massicotte et al., 2017), rnaturalearthdata (South et al.,
2017), ggspatial (Dunnington et al., 2021), mapSpain (Hernangémez, 2021), scales (Wickham et
al., 2020), metR (Campitelli, 2021), png (Urbanek, 2013) and extrafont (Chang, 2014) for

graphical design and the generation of the map of the study location.

The analysis of sea temperature trends revealed a general, steady increase (slope =
0.009°C year'; p-value = 0.012). Separately, Oleiros displayed an increasing trend (slope =
0.023°C year'; p-value < 0.001); but no trend was detected in La Franca (slope = -0.004°C year
' p-value = 0.456).
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2.3. Results

Oleiros La Franca
8 Slope = 0.82% year'  p-value = 0.76 Slope = 3.14% year”' p-value = 0.24
P ¥ p D! e
9
w6
z ] |
S 4 o o Q q Q
** Q o o ?
L R e A A L S CEEEE EEE , TR L STy \ oA do A==t
o—o0—0 o o ° [ o o—o
0 1998 2000 2002 2004 2006 2008 2610 2012 2014 2016 2018 1998 2000 2002 2004 " 2006 2008 2010 2012 2014 2016 2018
S =] =]
160 Slope = -5.60% year -value = 0.25 Slope = 4.54% year " p-value =0.37
" D! y p P y
ES . 9
3 120
ES
= o
= g0 9
H
E A -
& 40 Q 77"“""&7‘1\',,,,,?;;/” . N s N O ey e e T S
NP “. . b SR s o=o% ’c’/”\?f T oo | )
1998 2000 ~ 2002 2004 2006 ~ 2008 ~ 2010 ~ 2012 ~ 2014 ~ 2016 ~ 2018 1998 72000 ~ 2002 " 2004 2006 2008 < 2010 ~ 2012 2014 = 2016 2018
Z 60 - =]
& Slope = -1.46% year " p-value = 0.70 Slope = 3.57% year ' p-value =0.28
® >
°
£ 40
=
E a A s
z
Z 2 i R R = -
= A= & P I 00 | SR s R S QO SO Y | L NG o S I N O 7 W Y . -r=-4--F=7°°F °
g o T * ° ¥ *—o FEN=T o ° —° °
3
= 0 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018

Figure 2.2. Time series of marine heatwave frequency (1st row), total number of marine heatwave days (2nd row) and
yearly averaged duration (3rd row) of marine heatwaves detected between 1998 and 2019 in Oleiros and La Franca.
The slope and p-value of each trend are shown. Dashed lines represent the linear regression trend in Oleiros (red) and

La Franca (blue). Shaded areas represent 95% confidence intervals.
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Figure 2.3. (a) Statistical distribution of marine heatwaves according to current East Atlantic Index at their occurrence;

(b) relationship between marine heatwave maximum intensity [in.x] and the East Atlantic pattern index.

A total of 78 MHW events were detected between Jan. 1998 and Mar. 2019; 40 in Oleiros and 38
in La Franca, which comprised 557 and 498 MHW days respectively (~7% and ~6% of the total
length of the series in days). Over half of the events registered were synchronous between study
locations, with 22/40 MHW:s for Oleiros and 21/38 MHW:s for La Franca, which is ~55% for both
cases (Table 2.A.1).
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Figure 2.4. Concurrence between marine heatwave events and the phases of the East Atlantic pattern. First
row: historical series of the East Atlantic pattern. Second row: (a) maximum intensity [ina] and (b) duration [D] of
the marine heatwaves detected in the time series from Oleiros and La Franca, classified according to their occurrence
within the phases of the East Atlantic pattern. Results from marine heatwave mean [ine.,] and cumulative intensities
[icum] are not shown here due to their big resemblance to marine heatwave maximum intensity and duration plots,
respectively. Most of the detected marine heatwaves and, in general, the largest episodes of each metric took place

within East Atlantic pattern positive phases at both locations.

Both annual and seasonal MHW trend analyses failed to reveal an increase in any of the MHW
features examined at both study locations (Table 2.A.2; p-value > 0.05 in every computation).
Trends in MHW frequency presented estimates of increase, whereas those for the number of
MHW days and MHW duration were mostly negative. Individually, no significant trends were
found either (Table 2.A.2; Fig. 2.2). Annual estimates were of increase for all variables at both
study locations, except for the number of MHW days and MHW duration at Oleiros. The
occurrence of MHWs of great duration in 1998, together with the short length of the temperature
series, are probably the cause for the annual decreasing estimates for most variables at Oleiros
(and for the number of MHW days for both sites combined). The year 2006 had the highest
number of MHWs (5 at Oleiros, 7 at La Franca) and some of most severe, long-lasting episodes
at both locations (i.e., imaxr > 3°C; imean > 2°C; icum > 100°C days; D = 50 days; see Table 2.A.1).

Importantly, 25% and ~30% of the MHW days in Oleiros (140/557) and La Franca (149/498),
respectively, took place during within this year (Fig. 2.2).

The EA pattern was predominately positive during the study period. The Chi-squared test revealed
that the EA pattern influences the incidence of MHW episodes at Oleiros (X-squared = 128.73;
df = 1; p-value < 0.001) and La Franca (X-squared = 46.791; df = 1; p-value < 0.001). The
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comparative analysis with the historical series of the EA revealed that ~88% and ~79% of the
MHWs detected at Oleiros and La Franca respectively occurred during positive phases (95%
confidence interval = [0.44, 0.80], Fig. 2.3). Furthermore, we found that >85% of the MHW:s that
were synchronous between Oleiros and La Franca took place during positive phases too (19/22
MHWs at Oleiros; 18/21 MHWs at La Franca; 95% confidence interval = [0.53, 0.97] (Fig. 2.3).
Most importantly, the warm phase of the EA entailed the occurrence of some of the most severe
MHWs from both study locations, with episodes that registered i > 3°C and D > 1 month
(Fig. 2.4).

Our analyses failed to acknowledge any significant trends in the incidence and duration
of MHWs s in two coastal locations located in the central Cantabrian Sea, SW Bay of Biscay, from
Jan. 1998 to Mar. 2019. The incidence of MHWs in the region, on the other hand, seems to be

related to the positive phase of the EA pattern, which involves above-average SSTs.

Since the late 20™ century, the global upper ocean (0-700 m) has dramatically increased its
warming rate, a fact that is mainly attributed to anthropogenic influences (Gulev et al., 2021). The
surface temperatures over the coastal zone of northern Spain have experienced a noticeable rise
during the last four decades, especially during spring-summer (Gémez-Gesteira et al., 2008;
Koutsikopoulos et al., 1998; Voerman et al., 2013). Despite the amount of missing data and/or
the limited extent of our temperature series -which does not span the overall length of the warming
period undergone in the region-, the steady temperature increase revealed in this research for the
two study locations combined supports the general warming trend in northern Spain. The former
drawbacks, nonetheless, likely contributed to the discrepancies found in the significance of the
temperature trends of each study location individually and the inconclusive trends observed in
MHW frequency and duration (i.e., see MHW trends in Izquierdo et al., 2022). Global-scale shifts
in mean SST drive changes in MHW occurrence (Frolicher et al., 2018), and the current human-
induced global warming scenario increases the probability for large and severe MHWs to take
place (Laufkotter et al., 2020). Above average SST anomalies had been previously registered in
the region for the years 1999, 2003 and 2006 (Duarte et al., 2013; Voerman et al., 2013). In our
investigation, MHWs with i, > 3°C were detected in all three years at La Franca, and only in
2006 for Oleiros (Table 2.A.1). Besides the occurrence of the European heatwave in July 2006
(Chiriaco et al., 2014), Le Cann & Serpette (2009) reported an unusually warm water inflow
during autumn-winter in that year. Both events probably relate to the incidence of high-impact
MHWs observed at both locations from summer through winter. This also contributes to explain
the synchrony of the MHW episodes from both study locations in 2006 (5/5 [5/7] of the MHWs

in Oleiros [La Franca] in that year were synchronous, Table 2.A.1).
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The evidence provided in the present study shows that around three quarters-75% of the detected
MHWs took place under the influence of the positive phase of the EA pattern. Climate variability
modes such as the EA remotely modulate the inter-annual variation of a number of climate
elements (i.e., air temperatures, SSTs, precipitation, wind; Deser et al., 2010) and thus have a
noticeable influence on important local atmospheric and/or oceanic processes. In general, these
processes have a direct effect upon SST variations, which ultimately influences the likelihood of
MHW occurrence. The EA pattern has been reported to be the most important variation
explaining atmospheric temperature variability and around 25% of the SST variability in northern
Spain (Sdenz et al., 2001; deCastro et al., 2011; Borja et al., 2019). Our observations reveal that
most of the synchronous MHWs occurred during warm phases of the EA. Modes of climate
variability act on a synoptic scale and its effect manifest after a few days on a large range of
spatial and temporal scales (Holbrook et al., 2019) and are often responsible for abnormal weather
patterns occurring simultaneously over seemingly vast distances (deCastro et al., 2008). This
implies that, in essence, the observed synchrony in MHW incidence at Oleiros and La Franca is
most likely due to the influence of the EA pattern acting over a range of ~100km at least. Most
likely, the positive phase of the EA affects SST variations through air-sea heat fluxes, which have
proven to be a physical driver responsible for setting MHW properties in regions susceptible to
atmospheric forcing (Oliver et al., 2021). Nonetheless, it would be desirable to consider new
physical parameters (i.e., wind or atmospheric pressure) in future investigations to look further
into the possible mechanisms by which the EA pattern might be prompting the occurrence of

MHWs in the region.

It has been recently predicted that the incidence and intensity of MHW will increase in the coming
years, regardless of the global warming scenario, which further threatens global marine
ecosystems and biodiversity (Oliver et al., 2019). Biological and ecological impacts derived from
MHW occurrence have been thoroughly reported worldwide, which range from population
regime shifts and algal blooms to coral bleaching, mass mortality and re-structuring of entire
ecosystems (Ummenhofer & Meehl, 2017). Specifically, MHW impacts upon macroalgae
communities and their repercussions have been widely addressed in literature (Smale &
Wernberg, 2013; Wernberg et al., 2016; Arafeh-Dalmau et al., 2019; Smale et al., 2019;
Benthuysen et al., 2020). Although the distribution changes experienced by coastal seaweed
populations off the coast of northern Spain in recent years have been widely addressed (Fernandez
& Anadon, 2008; Miiller et al., 2009; Fernandez, 2011; Viejo et al., 2011; Duarte et al., 2013;
Voerman et al., 2013; Fernandez, 2016; Pifieiro-Corbeira et al., 2016; Casado-Amezua et al., 2019;
Des et al., 2020), the influence of extreme temperature events upon them has not yet been assessed.

Thus, abrupt changes in the abundance and distribution of habitat-forming seaweed communities
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2.4. Discussion

O  Oleiros MHW events a) F. serratus mortality increase [2005-2006]
@ LaFranca MHW events

b) Disappearance of S. polyschides reproductive plants [2006]

¢) F. serratus abundance decrease & H. elongata retraction (~130km) [2006-2008]
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Figure 2.5. Maximum temperature anomaly -interpreted as the temperature exceeding the 90" percentile threshold, not
the climatological baseline- of the marine heatwaves detected in the time series from Oleiros (open dots) and La Franca
(solid dots) overlapped with periods of severe population shifts of local macroalgae communities documented in
(a) Viejo et al. (2011), (b) Fernandez (2011), (c) Duarte et al. (2013) and (d) Voerman et al. (2013). Red bars at the

bottom represent the positive phases of the East Atlantic pattern.

recently documented in the literature provide good candidates to assess the impact of MHWs in

the Cantabrian Sea.

Viejo et al. (2011) documented a general decrease in the reproductive capacity of Fucus serratus
and a dramatic increase in their mortality from 2005 to 2006 towards the west of Cape
Pefias. Ferndandez (2011) observed a progressive abundance decrease and growth issues
in Sacchoriza polyschides populations in the central Cantabrian coast from the year 2000 on and
reported the disappearance of reproductive plants by 2006. Duarte et al. (2013) observed a sharp
decline in the abundance of Fucus serratus in the area west to Cape Pefas, as well as a 130 km
westwards retreat of Himanthalia elongata between 2004-2006 and 2008-2009. Finally, Voerman
et al. (2013) detected a massive decline of nearly ~1400 hectares of Laminaria ochroleuca west
of Cape Pefias in 2007. All of the former population shifts were reported to occur between 2005-
2009 and seem to coincide with MHW incidence periods (Fig. 2.5). Nearly 30% of the total
MHWs detected in the present study took place within these years (23/78 MHWs; 14 at Oleiros
and 9 at La Franca), half of them during 2006 (12/24 MHWs; 5 at Oleiros and 7 at La Franca).
Straub et al. (2019) recently argued that the differential responses over time and space of
macroalgae species to the effect of a MHW are likely subjected to a number of factors (e.g.,

physiological versatility, ecological resilience and genetic diversity of macroalgae populations,
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MHW extent and magnitude; see Wernberg et al., 2018). Thus, MHW impacts upon macroalgae
communities may not be immediately evident and might even present long time-lags. This implies
that the extreme temperatures derived from the occurrence of MHW:s probably contributed to the
range shifts and abundance decreases in the canopy-forming algae communities documented in

the literature above.

SSTs in the Bay of Biscay have been warming at a considerable rate since the 1970s (deCastro et
al., 2009). The disappearance of canopy-forming algae species in the Cantabrian Sea began to be
described from that moment on (Ferndndez, 2016), although it has been especially noticeable
since the turn of century (Casado-Amezua et al., 2019; Ferndndez, 2011). Alongside with human-
derived pressures, a number of environmental agents have been described in the Bay of Biscay
that can influence the maintenance of canopy-forming macroalgae populations (i.e., temperature,
sunlight, wave exposure, storms, changes in biogeochemical cycles; see Borja et al., 2013; Borja
et al., 2018), although temperature is usually the main factor used to assess distribution change
scenarios (Franco et al., 2018). Temperature is known to strongly influence the spatial distribution
of canopy-forming algae species, with extreme temperatures directly affecting their physiological
and ecological performance (Straub et al., 2019). Species distributions might indeed be more
sensitive to extreme conditions than to average longer-term trends (Sanz-Lazaro, 2016),
considering the rapid shifts and long-term impacts that discrete events drive in
ecosystems (O’Leary et al., 2017; Smale et al., 2019). Hence, the recently documented shifts in
macroalgal communities in the central Cantabrian Sea may be related to the incidence of MHWs
reported here, especially during 2005-2009. Extreme temperatures associated with MHWs erode
the resilience of seaweeds adapted to cool conditions like Fucus serratus and may ultimately lead

to their eventual loss as their biogeographical distribution range continues to shrink.

The results in this study are unavoidably conditioned by the short duration and narrow spatial
extent of our analysis, which represent a major weakness of our approach. Though Oleiros and
La Franca provide the longest and most complete in situ temperature record in an intertidal rocky
shore in the central Cantabrian Sea, a spatiotemporally longer, more comprehensive record should
provide a broader perspective and reveal different trends both in SST and MHW incidence in the
region (see Izquierdo et al., 2022), considering the general warming trend that affects the Bay of
Biscay and the world oceans (Fox-Kemper et al., 2021; Chust et al., 2022). Our findings suggest,
nonetheless, a warming trend in central Cantabrian Sea manifested as a steady increase in water
temperature and through prolonged MHWs with extreme temperatures. Moreover, the positive
association between MHW incidence and the EA implies that large scale patterns of atmospheric
forcing may act dominating variability in the incidence of MHWs. However, further research is
needed on how the EA pattern may be operating on local-scale oceanic physical processes to

prompt MHW conditions (i.e., air-sea heat fluxes or ocean advection; Schlegel et al., 2017).
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Future investigations might consider taking into account other European modes of climate
variability to look into their influence on the occurrence of MHWs in the Bay of Biscay (Borja et
al., 2019). Finally, the match between recently documented shifts in the abundance and
distribution of canopy-forming macroalgae and severe MHW episodes suggests that MHWs
might have played a part in the regression of macroalgae species in the coast of northern Spain in
recent years. Under the escalating pressure of global warming, and in light of the ecological
consequences reported in the scientific literature (Smale et al., 2019), our study stresses the need
to reinforce coastal monitoring efforts to analyze the impact of extreme temperature events like

MHWs.
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Marine heatwaves (MHWs) detected within the period Jan. 1998 - Mar. 2019. at Oleiros and La Franca,
classified in chronological order. For each MHW episode, the following set of summary statistics are reported:
start/peak/end dates, maximum intensity (highest temperature anomaly value during the MHW [i,4, °C]), mean
intensity (mean temperature anomaly during the MHW [iseam, °C]), cumulative intensity (sum of daily intensity
anomalies [i..m, °C days]), and duration (consecutive period of time [D, days]). Pairs of episodes highlighted in grey
represent synchronic MHWs (notice the similar start/peak/end dates among locations). We noticed that some MHWSs
were detected as a very long event in one location and as two separate events in the other. According to the definition
of MHWs in Hobday et al. (2016), “gaps between events of two days or less with subsequent five days or more events
will be considered as a continuous event”. The local peculiarities of each study location might cause the MHWs to be
detected differently, even for long-lasting episodes. Nonetheless, if the overall start/end dates of the two shorter MHWs
from location 1 virtually comprise those of the complementary MHWs from location 2, it will be considered as a single
synchronic event between study locations (MHW trios highlighted in light green). The East Atlantic patten Index (EA

Index) for synchronic episodes is highlighted in red when positive (warm phase) and in blue when negative (cold phase).

Site Year Start date Peak date End date D (days) Imax (°C) Imean (°C) Ieum (°C days) EA Index
Oleiros 1998 1998-01-01 1998-03-07 1998-03-19 78 1.8839 1.4012 109.2907 0.14
La Franca 1998 1998-03-07 1998-03-08 1998-03-11 5 1.1536 1.0534 5.2670 0.49
Oleiros 1998 1998-03-30 1998-04-02 1998-04-06 8 1.1954 1.0258 8.2061 0.49
Oleiros 1998 1998-04-24 1998-04-25 1998-04-28 5 1.4469 1.2307 6.1537 2.39
Oleiros 1998 1998-05-14 1998-05-17 1998-05-19 6 1.4525 1.2685 7.6112 -1.25
La Franca 1999 1999-09-03 1999-09-08 1999-09-09 7 3.2029 2.8268 19.7877 1.07
La Franca 2000 2000-05-14 2000-05-15 2000-05-18 5 1.5036 1.2503 6.2514 0.20
La Franca 2001 2001-02-10 2001-02-13 2001-02-15 6 0.8055 0.7347 4.4081 -0.39
Oleiros 2001 2001-03-23 2001-04-06 2001-04-13 22 1.3401 1.0535 23.1779 1.23
La Franca 2001 2001-03-27 2001-04-06 2001-04-12 17 1.2434 0.9155 15.5639 1.23
Oleiros 2001 2001-07-12 2001-07-17 2001-07-17 6 1.7479 1.5624 9.3741 0.67
Oleiros 2001 2001-08-06 2001-08-09 2001-08-10 5 2.2728 2.0784 10.3919 1.83
La Franca 2001 2001-08-27 2001-08-27 2001-08-31 5 1.7995 1.6970 8.4850 1.83
La Franca 2003 2003-03-29 2003-03-29 2003-04-03 6 0.9349 0.8092 4.8552 0.96
Oleiros 2003 2003-07-26 2003-07-28 2003-07-31 6 2.2179 1.9886 11.9317 1.26
La Franca 2003 2003-08-10 2003-08-16 2003-08-18 9 3.1476 2.5413 22.8719 -0.16
Oleiros 2004 2004-09-09 2004-09-11 2004-09-20 12 3.3210 2.9720 35.6646 0.09
La Franca 2004 2004-09-09 2004-09-10 2004-09-21 13 2.3402 1.9460 252975 0.09
Oleiros 2005 2005-06-30 2005-07-01 2005-07-08 9 1.9545 1.6331 14.6982 -1.60
La Franca 2006 2006-06-15 2006-06-18 2006-06-22 8 2.1037 1.5762 12.6095 0.02
Oleiros 2006 2006-07-06 2006-07-08 2006-07-11 6 2.2234 1.8013 10.8080 0.83
La Franca 2006 2006-07-07 2006-07-10 2006-07-11 5 1.6497 1.3609 6.8043 0.83
La Franca 2006 2006-07-19 2006-07-23 2006-07-31 13 3.2846 2.4764 32.1928 0.83
Oleiros 2006 2006-08-25 2006-08-30 2006-09-05 12 2.8612 2.5281 30.3367 -0.52
La Franca 2006 2006-08-26 2006-09-10 2006-10-14 50 3.2102 2.1514 107.5689 -0.52
Oleiros 2006 2006-09-09 2006-09-18 2006-10-18 40 3.7669 2.6301 105.2059 1.82
La Franca 2006 2006-10-19 2006-10-23 2006-11-02 15 2.1000 1.8317 27.4761 0.66
Oleiros 2006 2006-10-27 2006-12-04 2006-12-23 58 2.5663 1.8415 106.8086 0.66
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Site Year Start date Peak date End date D (days) imax (°C) Imean (°C) icum (°C days) EA Index
La Franca 2006 2006-11-18 2006-12-05 2006-12-19 32 2.2426 1.5841 50.6927 1.68
Oleiros 2006 2006-12-30 2007-01-06 2007-01-22 24 1.4922 1.2505 30.0126 1.00
La Franca 2006 2006-12-30 2007-01-02 2007-01-24 26 1.6056 1.2625 32.8251 1.00
Oleiros 2007 2007-03-13 2007-03-16 2007-03-18 6 1.1111 0.9540 5.7242 0.21
Oleiros 2007 2007-05-06 2007-05-11 2007-05-19 14 1.8229 1.3864 19.4098 1.01
La Franca 2007 2007-05-12 2007-05-13 2007-05-18 7 1.3813 1.1317 7.9222 1.01
Oleiros 2007 2007-07-26 2007-07-29 2007-07-30 5 2.2408 1.9854 9.9272 -0.03
Oleiros 2008 2008-02-20 2008-03-01 2008-03-05 15 1.5809 1.1845 17.7679 0.47
La Franca 2008 2008-02-20 2008-03-03 2008-03-18 28 1.5291 1.0732 30.0505 0.47
Oleiros 2008 2008-03-11 2008-03-14 2008-03-18 8 1.3844 1.1390 9.1117 0.16
Oleiros 2008 2008-08-07 2008-08-09 2008-08-11 5 2.1078 1.9444 9.7221 -0.08
Oleiros 2008 2008-08-20 2008-08-22 2008-08-25 6 2.3570 2.0886 12.5315 -0.08
Oleiros 2009 2009-07-27 2009-07-31 2009-08-01 6 23215 1.8356 11.0138 0.33
Oleiros 2011 2011-04-03 2011-04-11 2011-04-14 12 1.5130 1.1805 14.1665 -0.59
La Franca 2011 2011-04-08 2011-04-10 2011-04-12 5 1.3506 1.1168 5.5838 -0.59
Oleiros 2011 2011-04-21 2011-04-28 2011-04-28 8 1.4395 1.1433 9.1467 -0.59
La Franca 2011 2011-04-21 2011-04-28 2011-04-29 9 1.6649 1.3653 12.2873 -0.59
La Franca 2011 2011-05-05 2011-05-06 2011-05-09 5 1.5551 1.1802 5.9008 -0.67
Oleiros 2011 2011-09-07 2011-09-10 2011-09-13 7 3.0475 2.6631 18.6417 1.77
La Franca 2011 2011-09-27 2011-10-01 2011-10-10 14 2.2255 1.8606 26.0481 1.77
Oleiros 2011 2011-09-29 2011-10-07 2011-10-09 11 2.6603 22515 24.7664 1.77
La Franca 2012 2012-01-21 2012-01-26 2012-01-28 8 0.9217 0.7501 6.0008 -1.76
Oleiros 2012 2012-08-06 2012-08-13 2012-08-19 14 2.5603 2.1908 30.6714 1.36
La Franca 2012 2012-08-11 2012-08-12 2012-08-15 5 2.0627 1.7903 8.9517 1.36
Oleiros 2012 2012-10-23 2012-10-23 2012-10-27 5 1.5940 1.5161 7.5807 -0.32
La Franca 2013 2013-10-18 2013-10-21 2013-10-23 6 2.4397 2.0028 12.0167 1.39
La Franca 2013 2013-11-02 2013-11-07 2013-11-18 17 2.1647 1.6501 28.0512 0.09
La Franca 2014 2014-05-09 2014-05-11 2014-05-13 5 1.0995 0.9860 4.9301 0.38
Oleiros 2014 2014-05-10 2014-05-13 2014-05-14 5 1.5238 1.3378 6.6888 0.38
La Franca 2014 2014-08-09 2014-08-10 2014-08-14 6 1.8097 1.5540 9.3240 0.75
Oleiros 2014 2014-08-12 2014-08-13 2014-08-16 5 2.3098 2.1077 10.5384 0.75
La Franca 2014 2014-10-11 2014-10-19 2014-11-16 37 2.8289 1.9640 72.6679 1.02
Oleiros 2014 2014-10-18 2014-10-22 2014-11-08 22 2.2678 1.7718 38.9788 1.02
Oleiros 2014 2014-11-20 2014-11-30 2014-12-03 14 1.7903 1.5707 21.9899 0.43
La Franca 2014 2014-11-20 2014-11-29 2014-12-05 16 1.7974 1.4757 23.6116 0.43
La Franca 2014 2014-12-10 2014-12-22 2014-12-26 17 1.4315 1.0876 18.4890 -0.59
Oleiros 2015 2015-12-04 2015-12-24 2016-01-04 32 1.7912 1.4625 46.8008 3.14
La Franca 2015 2015-12-18 2015-12-23 2016-01-05 19 1.4088 1.2040 22.8755 3.14
La Franca 2016 2016-01-20 2016-02-13 2016-02-24 36 1.3275 1.0009 36.0324 1.01
Oleiros 2016 2016-01-22 2016-01-27 2016-02-15 25 1.5947 1.2937 32.3420 1.01
Oleiros 2016 2016-06-10 2016-06-12 2016-06-14 5 1.9518 1.5751 7.8755 0.41
La Franca 2016 2016-06-10 2016-06-11 2016-06-14 5 1.4730 1.2326 6.1630 0.41
Oleiros 2016 2016-06-19 2016-06-21 2016-06-26 8 2.4848 1.8298 14.6382 0.41
La Franca 2016 2016-06-20 2016-06-21 2016-06-24 5 1.6389 1.4120 7.0600 0.41
La Franca 2017 2017-03-08 2017-03-16 2017-03-20 13 0.8951 0.7722 10.0387 1.03
Oleiros 2017 2017-07-25 2017-07-28 2017-07-30 6 2.0564 1.8293 10.9756 1.83
Oleiros 2017 2017-10-20 2017-10-28 2017-10-29 10 2.1124 1.8590 18.5902 0.62
Oleiros 2018 2018-06-13 2018-06-18 2018-06-18 6 2.0719 1.5688 9.4131 -0.54
La Franca 2018 2018-07-06 2018-07-11 2018-07-13 8 2.5056 1.7851 14.2808 2.36
La Franca 2018 2018-08-07 2018-08-08 2018-08-11 5 2.0031 1.6429 8.2143 1.82
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Annual and seasonal trends in marine heatwave (MHW) features for the study locations of Oleiros and La

Franca together (first row group) and individually (second and third row group).

MHW frequency Total MHW days MHW mean duration
[% year™] [% year™] [% year™]
Slope p-value Slope p-value Slope p-value

Both locations together

Annual 1.99 0.29 -0.58 0.87 1.26 0.61
Spring-summer (Mar-Aug) 0.48 0.84 -2.41 0.47 -0.25 0.92
Autumn-winter (Sep-Feb) 4.50 0.15 0.41 0.92 -1.33 0.77

Oleiros

Annual 0.82 0.76 -5.60 0.25 -1.46 0.70
Spring-summer (Mar-Aug) -1.29 0.69 -4.09 0.24 0.10 0.97
Autumn-winter (Sep-Feb) 4.92 0.30 -6.40 0.33 -8.34 0.20

La Franca

Annual 3.14 0.24 4.54 0.37 3.57 0.28
Spring-summer (Mar-Aug) 241 0.50 -0.83 0.89 -0.63 0.87
Autumn-winter (Sep-Feb) 4.16 0.32 7.82 0.18 7.36 0.11
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Analyses of long-term temperature records based on satellite data have
revealed an increase in the frequency and intensity of marine heatwaves (MHWs) in
the world oceans, a trend directly associated with global change according to climate
model simulations. However, these analyses often target open ocean pelagic systems
and rarely include local scale, field temperature records that are more adequate to
assess the impact of MHWs close to the land-sea interface. Here, we compared the
incidence and characteristics of open ocean MHWs detected by satellites with those
observed in the field over two decades (1998-2019) at two temperate intertidal
locations in the central Cantabrian Sea, southern Bay of Biscay. Satellite retrievals
tended to smooth out cooling events associated with intermittent, alongshore
upwelling, especially during summer. These biases propagated to the characterization
of MHWs and resulted in an overestimation of their incidence and duration close to
the coast. To reconcile satellite and field records, we developed a downscaling
approach based on regression modelling that enabled the reconstruction of past
temperatures and analyze MHW trends. Despite the cooling effect due to upwelling,
the temperature reconstructions revealed a six-fold increase in the incidence of
MHWs in the Cantabrian Sea over the last four decades. A comparison between static
(no trend) vs. dynamic (featuring a linear warming trend) MHW detection thresholds
allowed us to attribute over half of the increase in MHW incidence to the ocean
warming trend. Our results highlight the importance of local processes to fully
characterize the complexity and impacts of MHWSs on marine coastal ecosystems and
call for the conservation of climate refugia associated with coastal upwelling to

counter the impacts of climate warming.

Keywords: Sea surface temperature, global warming, ocean remote sensing, climate

refugia, shelf seas, Bay of Biscay.
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Marine heatwaves (MHWs) are transient episodes of extreme water temperatures that
leave a detrimental and long-lasting impact on the structure and functioning of marine ecosystems
(Hobday et al., 2016; Oliver et al., 2021). Analyses of long-term satellite temperature records
have revealed an increase in the frequency, intensity and duration of MHWs during the last
century (Oliver et al., 2018). Such trends parallel the gradual increase in ocean temperature due
to anthropogenic greenhouse gas emissions (Gulev et al., 2021), which lies behind the dramatic
increase in the occurrence and intensity of MHW:s in recent decades (Laufkotter et al., 2020). In
fact, projections under different socioeconomic development scenarios foresee a sustained
increase in the likelihood and severity of MHWSs around the world in coming years (Fox-Kemper

et al., 2021; Frolicher et al., 2018).

Discrete events like MHWs often pose a more serious threat to marine life than changes in mean
state due to the sudden and long-lasting consequences triggered by extreme perturbations
(O’Leary et al., 2017). Fluctuations and extremes in water temperature are an intrinsic component
of environmental variability that shapes the structure and functioning of marine ecosystems
(Denny et al., 2009; Clarke, 2017). In practice, despite growing concerns, analyzing the impact
of MHWSs becomes a complex task. Temperature extremes leading to MHWs are by definition
rare, short-lived warming episodes above normal conditions that often last for a few days. As a
consequence, the detection and characterization of MHWSs remains challenging and demands

sustained records of high-frequency observations.

Long-term temperature records are necessary to define a meaningful baseline and characterize
extremes, while high-quality, frequent observations are important to avoid biases and ensure the
proper detectability of MHW events (Hobday et al., 2016; World Meteorological Organization,
2018). Such constraints become more acute when attempting to characterize changes in the
incidence and intensity of MHWs. High data demands make that most MHW studies tend to rely
on satellite or model-based datasets, and to focus on open ocean pelagic environments away from
the coastline, where the presence of land and local processes like river runoff and coastal
upwelling limit indirect approaches (Smit et al., 2013; Stobart et al., 2015; Schlegel, 2017). These
biases may extend to the detection of small-scale variability and temperature extremes (Smale &
Wernberg, 2009; Smit et al., 2013). In fact, it has been recently shown that remotely-sensed
products may overestimate coastal SSTs in upwelling prone locations (Meneghesso et al., 2020)
as a result of the differences between the warming rates in offshore vs. nearshore waters (Varela
et al., 2018), which may ultimately lead to the overestimation of MHW trends (Varela et al.,

2021). This raises concerns about the actual impact of MHWs in coastal areas.

44



Intertidal and shallow coastal areas disproportionately contribute valuable ecosystem services to
humankind (Costanza et al., 2014). These highly diverse and productive habitats control land
erosion and buffer coastal pollution through carbon sequestration and nutrient cycling (Barbier,
2017). They also provide commodities ranging from fertilizers and foods to compounds of
industrial use, which are harvested from algae and fisheries or collected from aquaculture. MHWs
compromise the sustained provision of these services and the restoration of currently degraded
ecosystems (Duarte et al., 2020) and represent a threat to blue carbon nature-based solutions that
may contribute to mitigate climate change (Macreadie et al., 2021). Together, these issues call for
an improved monitoring and assessment of the impact of MHWs in coastal areas as a way to guide

the sustainable use and conservation of living marine resources.

Here, we analyze the incidence of MHWs along the coasts of the central Cantabrian Sea, in the
Northeast Atlantic. This stretch covers a sharp biogeographical transition from cool to warm
conditions where temperature extremes have prompted abrupt changes in the structure of coastal
marine communities in recent years (Ferndndez, 2011; Viejo et al., 2011; Voerman et al., 2013;
Fernandez, 2016). Taking advantage of high-frequency, two-decade long temperature field
records, we assessed the reliability of coarse scale satellite data to monitor MHWs in coastal areas.
The analyses revealed important biases that resulted in the overestimation of the incidence of
MHWs by satellites during periods of intense upwelling. To reconcile satellite and field
measurements we developed a statistical downscaling approach, a technique often used to obtain
finer-scale climate information from coarse resolution products (see Wilby & Wigley, 1997).
Such approach enabled us to account for the impact of upwelling on nearshore temperatures,
exploit the prolonged coverage of the satellite record and hindcast the incidence of MHWs during
the last four decades. We characterized MHWSs using two different baseline periods: static (based
on the climatological seasonal cycle) vs. dynamic (featuring a linear warming trend). The
comparison of both approaches provides useful insight on the potential contribution of climate
warming to the increased incidence of MHW. Our results highlight the contribution of upwelling
to buffer the impact of open ocean MHWs in coastal areas, but in parallel reveal a concerning

increase in the incidence and intensity of MHWs due to climate warming.

We analyzed the occurrence and intensity of MHWs in the central Cantabrian Sea (Fig.
3.1), a narrow (30-40 km) temperate coastal shelf sea located in the southern Bay of Biscay (NE
Atlantic, Gil et al., 2002). To this end, we combined data from large scale ocean reanalysis and

satellite monitoring of the temperature of the ocean surface with field measurements at two
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selected coastal locations —Oleiros (6.200W 43.575N) and La Franca (4.575W 43.395N)—

which enabled us to assess and calibrate satellite data (Fig. 3.1).

Large scale gradients in ocean conditions anticipate spatial variability in the incidence and
characteristics of MHWs along the entire Cantabrian Sea. Water temperatures increase eastwards
as climatic conditions become less oceanic and more continental due to the proximity of the
Eurasian landmass (Koutsikopoulos et al., 1998). Atmospheric circulation further presents a
marked seasonality, with prevailing southwesterly winds during autumn and winter, and
northeasterly winds during spring and summer that are more intense towards the west. The
easterly component flows parallel to the coast and causes intermittent upwelling events that,
especially during summer, bring cool waters to the surface and erode the seasonal thermal
stratification of the upper layer (Gil et al., 2002), further contributing to accentuate the eastward
gradient in temperature (Botas et al., 1990).

Oleiros and La Franca are representative of large-scale gradients in environmental conditions in
the Cantabrian Sea and their effect on marine life. The two locations are separated by just ~100
km of coast but, halfway amid them, the presence of Cape Pefias alters the predominant east-west
orientation of the coastline (Fig. 3.1). This headland juts 10 km into the sea, affecting coastal
circulation by deflecting internal waves and enhancing the gradient towards more intense seasonal
alongshore upwelling in the west (Lavin et al., 2006; Llope et al., 2006). As a consequence, the
cape marks the approximate location of a sharp biogeographical transition from cool to warm
adapted intertidal communities towards the interior of the Bay of Biscay (Anadén & Niell, 1981).
Both locations are otherwise similar; they are rocky shores exposed to the open ocean, located
away of any known anthropogenic heat source, and experiencing moderate semidiurnal tides with

a range of up to 4.5 m during the spring tides.
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Figure 3.1. Map of the Cantabrian Sea showing the study areas of Oleiros and La Franca, where the field observations
were collected. Salmon-coloured rectangles represent the 0.25° localities covering the spatial extent of the extended
modelled temperature series (n=25). The locations of Cape Estaca de Bares and the mouth of the Adour River serve as
reference to indicate the edges of the extended series. Bathymetry data were extracted from the GEBCO 2021 Grid
(GEBCO Compilation Group, 2021).

46



The incidence of MHWs was analyzed based both on field and remote sensing
temperature time series data. To examine potential biases among the two data sources, we further
retrieved time series of alongshore upwelling and of heat fluxes across the air-sea interface, which

provided a proxy of water column stratification.

Daily field temperature measurements were collected at Oleiros and La Franca from Jan.
1998 to Mar. 2019 (~21 years) using TidbiT V2 water temperature dataloggers (Onset Computer
Corp). The loggers were attached to the rock and protected from wave action by a steel mesh.
Temperature data were retrieved with a HOBO Optic USB Base Station reader and converted to
text files using HOBOWare Pro v.3.7.10 (Onset Computer Corp). These devices have a maximum
sustained temperature range of 0-30°C in water and an accuracy of = 0.21°C over 0-50°C. The
dataloggers were programmed to retrieve a single datum per hour before attaching them at depths
0.3-0.6 m above the lowest astronomical tide to ensure they were always submerged at high tide.
The time series was filtered to retain the two records per day that correspond to water temperature
at semidiurnal high tides. Then the average of high tide values was calculated to estimate daily
mean sea temperature and applied a backward 5-day moving average to smooth out high
frequency noise. The resulting daily series was 21 years long but presented ~6% and ~18%
missing data at Oleiros and La Franca, respectively. Though time series with these features would
be considered sub-optimal according to Hobday et al.'s (2016) recommendations, they remain

suitable for MHW research (Schlegel et al., 2019).

Sea surface temperature (SST) data were retrieved for the entire coast of the Cantabrian
Sea from the NOAA Optimum interpolation 0.25° daily sea surface temperature analysis (0iSST
version 2, Sep. 1981-2019, see Banzon et al. (2016), Reynolds et al. (2007) and
www.ncdc.noaa.gov/oisst for further details). The assessment with field observations used data
for the nearest pixel locations to the study sites (6.125°W 43.625°N for Oleiros; 4.625°W
43.625°N for La Franca). To ensure temporal homogeneity (Reynolds & Chelton, 2010), we used
the Advanced Very High-Resolution Radiometer (AVHRR-only) product from the Pathfinder
Version 5 dataset (Casey et al., 2010). This dataset includes an optimal interpolation step to fill
gaps and aggregate fine scale high resolution retrievals (~1 km) that effectively smooths original
observations and avoids biases in measurements close to the land-sea interface. Therefore,
satellite-based SSTs provide a reliable temperature record for monitoring MHW incidence in open

ocean waters (Hobday et al., 2016).
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Hourly wind speed vectors over the ocean surface were extracted from ERAS 0.25°
reanalysis data from the nearest pixel locations to the study sites (6.25°W 43.75°N for Oleiros;
4.5°W 43.5°N for La Franca), for the period Jan. 1981 - Dec. 2019. Data were retrieved from the
Copernicus Climate Change Service (C3S) of the Climate Data Store (CDS) (Hersbach et al.,
2020). Wind stress, T [N m 2], was calculated from neutral wind speed vectors at 10 m (Ujy [m
s ') using the bulk formula; T = pair - Cp - Usg - |Usg|, Where pu» is air density (taken as 1.223 kg
m ) and Cp is a non-dimensional drag coefficient. Cp was estimated as a function of Ujy based

on Large et al. (1994):

s 270
10°Cp="-— +0.142+0.0764U,,,
UIO

Alongshore coastal upwelling was then calculated based on estimates of the seaward Ekman

transport (T [m* s']) along a segment of coast of a given length (L = 1 m), which gives Bakun's

(1973) upwelling index, bui = TL = t“—Lf [m? s™']. Transport depends on the alongshore component

of wind stress, T, which was estimated assuming a prevailing east-west orientation of the
coastline; seawater density, psw, set to 1025 kg m™, and the Coriolis parameter f = 9.96 10° s,
corresponding to 43°N. An 11-day simple moving average was applied on the resulting bui
estimates to integrate the cumulated impact of high frequency wind variability on cross-shore
transport (Garcia-Reyes & Largier, 2010; Otero & Ruiz-Villarreal, 2008). Positive bui values
correspond to the upwelling of deep waters and leads to surface cooling, whereas negative values

correspond to downwelling, sinking and warming.

Time series of ocean surface net heat flux, O;[W m™], were calculated based on data from
the Modern-Era Retrospective analysis for Research and Applications version 2 (MERRA-2)
V5.12.4 ocean surface diagnostics product (M2TINXOCN, Global Modeling & Assimilation
Office [GMAO], 2015). Hourly estimates were retrieved for each 0.5° x 0.625° grid cell
corresponding to the nearest pixel locations to the study sites (6.2500°W 43.75°N for Oleiros;
4.6875°W 43.5°N for La Franca), for the period Jan. 1980 - Oct. 2020.

Surface waters in the Cantabrian Sea follow the characteristic seasonal cycle of temperate shelf
seas (e.g., Simpson & Sharples, 2012). During winter (Dec-Feb), convective mixing leads to the
formation of a deep homogeneous layer that lasts until spring (Mar-May), when favorable weather
conditions eventually generate a shallow, mixed layer that persists throughout summer (Jun-Aug)
until autumn (Sep-Nov) storms break stratification (Lavin et al., 2006). Surface heat exchange is

the dominant buoyancy source for seasonal mixing in most shelf seas, so the net heat flux (Q))
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was used as a proxy for thermally driven seasonal stratification (with positive [negative] O;
matching seasonal stratification [mixing]). Net heat flux was calculated as O; = Oy(1-4) — O»— Q.
— Q., where Qs represents solar inputs to the ocean surface, 4 is albedo, O; is back radiation, Q.
and Q. are sensible and latent heat fluxes respectively. An 81-day simple moving average was

applied to smooth out a signal to distinguish seasonal stratification vs. mixing periods.

The analysis was structured in three steps. First, a set of regression models was developed
to downscale and calibrate the satellite time series against field observations, which allowed us
to explore potential biases among the two series due to the proximity to land. Then, the impact of
deviations among satellite and local field measurements on the detection and characterization of
MHWs was examined. In a third set of analyses, the models were used to reconstruct past
temperatures and assess the contribution of the underlying warming trend on the incidence of

MHWs in the Cantabrian Sea.

In the first analysis, we tested a set of nested statistical downscaling models to assess and
reconcile potential deviations between satellite temperatures and those recorded in the field (Table
3.1). Downscaling is a technique that allows to derive finer-scale projections of climate variables
affected by local processes not captured by coarse resolution products (see Wilby & Wigley,
1997). All models initially assumed that field temperatures are linearly related to satellite
retrievals. Such relationship accounts for the expected offset between field point measurements
and the large areas averaged by the satellite. Local site effects account for extra deviations due to
the unique characteristics of each location, from local bathymetry and circulation to the degree of

land contamination in satellite retrievals.

The baseline model featured the above defined assumption of a simple linear relationship between
field and satellite temperature measurements with a different intercept on each site (77 = o +
pPisite + T, Mod, in Table 3.1). Deviations between both series may grow during coastal
upwelling and downwelling depending on water column stratification, so we tested two extra
models, Mod> and Mods, which feature an interaction between bui as a proxy of cross-shore
transport and net heat flux (Q;) as a proxy of stratification. The interaction term accounts for the
varying impact of upwelling on surface temperature; coastal upwelling (downwelling) may cool
(further warm) surface waters when the column is stratified. However, upwelling may not alter
surface temperatures when the column is fully mixed in winter, though downwelling may still

transport slightly warmer waters from deeper areas offshore.
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Model selection table summarizing the assessment of alternative hypotheses about the best strategy to
reconcile satellite and field temperature measurements. Models with a lower AIC score were favored. 7ystands for field
measurements [°C]. Predictor variables are site (study area), 7 (satellite measurements [°C]), bui (Bakun Upwelling
Index [10° m® s7! km™']) and Qi (net heat flux [W m2]). The coefficient By denotes the intercept, whereas the other
measure the effect of each predictor separately. Mod; and Mod, are linear models, Mods is a Generalized Additive
Model (GAM). In Mods, s(x) stands for a regular smooth term (specifically a thin-plate regression spline) featuring a
flexible relationship between 7 and the covariate x, while #i(x,)) represents a tensor smooth allowing a nonlinear

interaction between covariates x and y, which may have different measurement units (Wood, 2017).

Name  Description Equation logLik  dLogLik  df AIC dAIC AIC
weights
Mod: Linear effect of satellite temperature series (75) and Ti= B+ Bite + BT, -18030 0 4 36067 7304 0

different intercept depending on site.

T, linear effect and linear interactive effect between
Mod: coastal up/downwelling (bui) and net heat flux at
the sea surface (Q)).

Tr= fo + Pusite + BT+

Pibui + 0 + Prbui*O; -15564 2465 7 31143 2380 0

T, linear effect and non-linear interactive effect Tr= po + Bisite + BT+

Mod, between bui and Q; at the sea surface. si(bui) + 52(Qy) + ti(bui, Qy)

-14354 3676 27 28763 0 1

Mod, and Mod; attempt to capture potential differences in surface water temperatures near the
shore vs. more oceanic conditions. Mod; is a linear regression model where the interaction
between cross-shore transport and net heat flux is assumed to be linear (i.e., a multiplicative,
symmetric effect see Mod, in Table 3.1). On the other hand, Mods is a generalized additive model
(GAMs; Hastie & Tibshirani, 1986; Wood, 2017), a type of model especially useful to describe
non-linear effects of independent variables without an a priori specification of the functional
relationships (see Mods; in Table 3.1). In particular, Mod; includes regular smooth terms (s,
specifically a thin-plate regression spline) to describe individual non-linear effects of bui and Q,
and a tensor product smooth (#) to incorporate their interactive non-linear effect and account for
their different units (Wood, 2017). Such interaction enables a varying effect of cross-shore
transport on deviations between satellite and field temperatures across net heat flux levels. The
complexity of smooth terms in GAMs is determined through cross-validation to avoid overfitting

(Wood, 2017).

Mods assumes that the effect of upwelling on satellite deviations is homogeneous along the coast.
To assess the reliability of this assumption, we reconstructed the field signal at La Franca using
satellite, bui and Qi data from the closest pixel and the parameters derived from fitting of Mod;
only using data from Oleiros, and viceversa. As shown in Figs. 3.A.1 and 3.A.2 in the Appendix,
these analyses result in predictions i) that reproduce near-shore SSTs more reliably than the
satellite (Fig. 3.A.1) and ii) comparable to those based on a model trained using all data and
featuring a local upwelling effect (Fig. 3.A.2), suggesting that Mod; may provide a reasonable

description of the effect of upwelling along the coast.
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Model fits were checked for Mod;, Mod, and Mods for the presence of any non-random pattern
in the residuals, and then ranked them using the Akaike’s Information Criterion (AIC, Burnham

& Anderson, 2002).

We analyzed the incidence and magnitude of MHWs following Hobday et al.'s (2016)
criteria, who defined MHWs as warm periods that last for five or more consecutive days during
which temperature rises above a seasonal climatology of the 90th percentile (Pg) of the
temperature at a given location. Previous studies estimated Py threshold climatologies using a
centered 30-day moving window. Such an approach introduces a directional lag by pooling
temperatures consistently increasing or decreasing along the seasonal cycle. For instance, Py
estimates for late July are partially based on warmer temperatures from early August, making it
more difficult to detect actual MHWs. To avoid potential biases, we implemented a parametric
Monte Carlo approach to estimate Pgy. For each SST time series, we fitted a GAM featuring a
constant seasonal cycle and a linear trend. Then, we randomly sampled 10000 model parameter
vectors from their fitted mean and covariance using a multivariate normal random number
generator. Sample parameters were used to simulate daily surrogate time series, providing a large
sample to retrieve unbiased estimates of Py for each simulated date. Surrogates incorporating
only the constant seasonal cycle term result in a static threshold that does not vary between years,
but adding simulated trends result in a time-moving Py threshold. This dynamic threshold is
useful to assess the impact of long-term trends in MHWs (see section ‘Temperature
reconstruction and association of MHW: to climate warming’ below). Resulting thresholds were

further smoothed using a 15-day central moving average to avoid wiggles.

The second analysis focused on the incidence of MHWs at the two study locations of
Oleiros and La Franca. The incidence and characteristics of MHWs were compared based on field,
satellite and model-based reconstructions of coastal sea surface temperature during the period Jan.
1998 - Mar. 2019. MHW detection thresholds were calculated using all available data to
characterize overall changes in the incidence of MHWs. We constructed presence-absence
confusion matrices to assess the ability of each temperature series to detect MHWs, setting field
observations as reference (Allouche et al., 2006). Additionally, we analyzed other MHW features
such as duration (dur) and maximum, mean and accumulated intensity of detected events (imax,
imean, icum, respectively; Hobday et al., 2016). To ensure a fair comparison, missing dates in
temperature field records were masked on both satellite and model-based temperature

reconstructions before the analysis and separately at each station.
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In the third analysis we used the best fitting model (Mods in Table 3.1, based on AIC
scores) to hindcast coastal temperature variability based on satellite and ocean reanalysis data.
This approach enabled us to extend the analysis back in time and to examine trends in the
incidence of MHWs during the last four decades (Sep. 1981 - Dec. 2019). Also, the spatial extent
was broadened to cover the entire Cantabrian Sea from Cape Estaca de Bares in the west to the
mouth of the Adour River in the east (n = 25, Fig. 3.1). Upwelling index (bui) and heat flux (Q))

reanalysis fields were aligned with SST data using first-order, conservative interpolation.

Finally, we assessed changes in trend estimates for the incidence and features of MHWs resulting
when using a static detection threshold based on the climatological seasonal cycle vs. a dynamic
baseline incorporating a linear warming trend (Oliver et al., 2021). For imax, imean, icum and dur of
detected MHWs, these trends were estimated using simple linear regression. MHW frequency
and the number of MHW days per year are discrete variables (i.e., counts of events during some
period of time) whose residuals are usually skewed following a Poisson distribution, so these
trends were estimated using Poisson generalized linear models (e.g., Gelman & Hill, 2006). We
performed standard residual checks and tests to assess model adequacy and accounted for

overdispersion of MHW counts when necessary (Gelman & Hill, 2006).

Statistical model fitting was implemented in R version 4.1.2 (R Core Team, 2021) making
extensive use of libraries mgcv (Wood, 2017) for GAMs, caret (Kuhn, 2008) and bbmle (Bolker
et al., 2020) for confusion matrices and model predictions. MHW events were detected and
characterized using the library heatwaveR (Schlegel & Smit, 2018), which implements the
definition of MHW proposed by Hobday et al. (2016). Libraries tidyverse (Wickham et al., 2019),
ncdf4 (Pierce, 2019), lubridate (Grolemund & Wickham, 2011), plyr (Wickham, 2011), zoo
(Zeileis & Grothendieck, 2005), gratia (Simpson & Singmann, 2021), reshape2 (Wickham, 2007),
fields (Nychka et al., 2017), data.table (Barrett et al., 2021), sf (Pebesma, 2018), RColorBrewer
(Neuwirth, 2014), cowplot (Wilke, 2020), rnaturalearth (Massicotte et al., 2017) and extrafont

(Chang, 2014) were also used in the analyses and to prepare graphs and other summaries.

Satellite and field records of the ocean surface confirmed the predominance of cooler
conditions in the westernmost station of Oleiros than in La Franca (Table 3.2). Differences in
surface water temperatures between the two stations further increased during spring and summer
coinciding with the upwelling season (Apr-Sep; Lavin et al., 2006), which is also stronger at

Oleiros. The analysis also revealed large deviations between field and satellite temperature
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records (root mean square error, i.e. RMSE > 1.22°C at both Oleiros and La Franca), which
increased again during the upwelling season, when satellite temperatures tended to overestimate
field temperatures by up to 5°C (Table 3.2, Fig. 3.2, Fig. 3.A.3 & Fig. 3.A.4 in the Appendix).
Satellite retrievals also resulted in smoother time series that lacked sudden temperature

fluctuations associated with upwelling and downwelling events in field series.

Table 3.1 summarizes the assessment of models reconciling field and satellite
temperature time series. Model selection based on AIC scores favored model Mods, which
features a nonlinear interaction between upwelling and time-integrated heat. In essence, Mod;
lowers and raises satellite temperatures during upwelling and downwelling events when Q; > 0,
respectively (Fig. 3.3). The same model further suggests that satellite temperatures tend to
overestimate coastal field measurements in the absence of water column stratification (Q; < 0 in
Fig. 3.3). The model resulted nonetheless in an excellent skill (r = 0.97; 12 = 0.94), so we
proceeded to reconstruct a gap-free temperature time series at the two study locations for the
period Jan. 1998 — Mar. 2019 (Fig. 3.2, Fig. 3.A.3 & Fig. 3.A.4). As expected, the reconstructed
time series amended biases between field and satellite records due to wind-driven, cross-shore
transport, especially during spring and summer (RMSE < 0.67°C between field and reconstructed

temperatures at both Oleiros and La Franca; see Table 3.2 for complementary metrics).

Annual and seasonal estimates of mean sea surface temperature and of the Bakun Upwelling Index values

at Oleiros and La Franca for the period 1998-2019.

Oleiros La Franca

Field Satellite ~ Model Field Satellite ~ Model

Mean 15.13 15.73 15.19 15.48 16.14 15.47
Sea surface temperature [°C]
SD 1.14 1.24 1.10 1.23 1.32 1.23
Annual
Mean - -0.10 - - -0.20
Bakun Upwelling Index [10°m’s'km™]
SD - 0.77 - - 0.88
Mean 15.61 16.11 15.50 15.89 16.53 15.92
Sea surface temperature [°C]
SD 1.23 1.27 1.19 1.31 1.40 1.23
Spring-summer (Mar-Au,
pring ( g Mean - -0.01 - - -0.11
Bakun Upwelling Index [10°m’s'km™]
SD - 0.65 - - 0.73
Mean 14.65 15.35 14.73 15.09 15.77 15.03
Sea surface temperature [°C]
SD 1.04 1.20 1.01 1.15 1.25 1.04
Autumn-winter (Sep-Feb)
Mean - -0.20 - - -0.29
Bakun Upwelling Index [10°m’s'km™]
SD - 0.89 - - 1.04
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Figure 3.2. Seasonal sea surface temperature variations at Oleiros (left column) and La Franca (right column) in 2006
(top row) and 2014 (bottom row). Colored bars in red (field), orange (satellite) and light blue (best selected model
[Mods, Table 3.1]) show marine heatwave days detected with each temperature series. The years shown here are among
those with the most remarkable marine heatwaves in number and/or intensity and/or duration in the entire series (1998-
2019). The rest of the years are further illustrated in Fig. 3.A.3 & Fig. 3.A.4 in the Appendix.
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Figure 3.3. Non-linear interaction between the Bakun Upwelling Index (bui) and net heat flux (Q;) based on the best
selected model (Mods, Table 3.1) on the difference between field and satellite temperatures.
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Deviations between temperature time series propagated to the detection of MHW, and
both the number and characteristics of the MHWs showed consistent differences between the two
locations in the field, satellite and reconstructed temperature time series. The overall number of
MHWSs detected in the field series was 42 and 30 at Oleiros and La Franca, respectively,
suggesting regional scale asynchrony in the occurrence of MHWs. The number of MHWs
detected was similar and slightly larger both in the satellite and modelled series than in the field,
with smaller differences with respect to MHW counts in Oleiros (41 and 46, respectively) than in
La Franca (35 and 36, respectively). The satellite and the reconstructed series also failed to detect
a large proportion of MHW days (above a half in Oleiros, Table 3.3). However, the modelled
series improved the detection of MHW with respect to the raw satellite series, both in terms of
MHW and non-MHW days (Table 3.3). The satellite series resulted in an overestimation of the
incidence of MHWs, with a large proportion of false positive MHW days during upwelling
episodes (i.e., ~73% and ~76% of the non-MHW days classified as MHW days at Oleiros and La
Franca, respectively). The same fraction is reduced at least by a half in the model-based,

reconstructed series (17% and 37% of false positives during upwelling events).

The extended series reconstructed from satellite and reanalysis data (Sep. 1981 - Dec.
2019) revealed an average rate of warming of 0.16°C per decade along the coasts of the Cantabrian
Sea (Table 3.A.1 in the Appendix). Such rate exceeds mean surface warming in the global ocean
(0.11-0.13°C per decade, Rhein et al., 2013), but it is still considerably below the estimate based
on the satellite series (0.23°C per decade, Table 3.A.1). Warming rates increase eastwards towards

the inner Bay of Biscay (Fig. 3.A.5 in the Appendix).

Assessment of detected MHW in satellite and model-based reconstructions of coastal temperatures with
respect to those detected based on field observations. Presence-absence confusion matrices were built to compare the
number of non-MHW and MHW days detected with the field measurements [reference] vs. those from the satellite and
the best selected model -Mods, Table 3.1-, respectively [tests], within Jan. 1998 - Mar. 2019 at Oleiros and La Franca.
For each approach, each date is classified as a presence (MHW) or as an absence (non-MHW) to calculate the numbers
of true positives (both test and reference are presences), false positives (presence in the test but absence in the reference),

true negatives (both test and reference are absences) and false negatives (test is an absence but the reference is a

presence).
Confusion matrices
Oleiros La Franca
Satellite Model Satellite Model
MHW Non-MHW MHW Non-MHW MHW Non-MHW MHW Non-MHW
) MHW 235 379 251 363 190 234 213 211
Field Non-MHW 277 6364 202 6439 330 5775 210 5895
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Annual values -on average for all 25 localities along the Cantabrian coast- of the features of the marine
heatwaves detected with the extended modelled series using a static (leff) vs. a dynamic (right) baseline period. Red
dashed lines indicate the estimate linear trend for each marine heatwave feature. The slope, proportion of variance

explained (R?), and p-value of each trend are shown. Shaded areas account for 95% confidence intervals.

The comparative analysis of MHW features based on static vs. dynamic detection thresholds
pointed towards a potential role of long-term ocean warming in enhancing MHWs in the
Cantabrian Sea in the past 40 years (Fig. 3.4). When using a static MHW detection threshold (left
column in Fig. 3.4) both the number of MHW events and MHW days per year revealed an increase
by a factor of ~1.9 per decade (i.e., doubling each 11 years). No significant trends were found for
Imaxy Imeans, icum and dur (p-value > 0.05 in every computation), though all estimates were positive.
When using a dynamic MHW detection threshold incorporating a linear warming trend in surface
temperature (right column in Fig. 3.4), all trends became non-significant and estimates

substantially decreased.
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Progression of the number of marine heatwave days decade' detected with the extended modelled
temperature series when calculated using static (blue) vs. dynamic (orange) detection thresholds (see left and middle
columns in Fig. 3.A.6 in the Appendix). Note that we adjusted the estimates by the total number of days per decade to
compensate lack of data in the early 1980s. Each line -for each color- represents one locality of the 25 examined along
the Cantabrian coast. Numeric values indicate the average number of marine heatwaves per decade calculated using all

25 localities for each marine heatwave detection threshold approach.

To ease the interpretation of the increase in MHW incidence throughout the past 40 years, we
arranged by decades the number of MHW days detected in the extended series (Fig. 3.5) and
mapped them to illustrate spatial gradients along the Cantabrian coast (Fig. 3.A.6 in the
Appendix). On average for all 25 localities covering the spatial extent of the extended series, a
total of 1047 vs. 839 MHW days per decade were detected in the past four decades when using
static vs. dynamic detection thresholds, respectively (Fig. 3.5). This may be interpreted as 80%
of MHW days (839/1047) taking place regardless of the underlying warming trend, while the
remaining ~20% (208/1047) occurring because of it. The proportions increase to 60-40% for the
period 2000-19, and to 50-50% for 2010-2019. The analysis also revealed considerable
interannual and interdecadal variability, with some years having a remarkably high number of
MHW days (i.e., 2006, 2011 or 2014; Fig. 3.4). Overall, the analysis based on a static baseline
period reveals a six-fold increase in the incidence of MHWSs during the last four decades, which

exceeds the two-fold, steady increase observed in the series derived using a dynamic threshold.

This study combines two decades of field temperature measurements with long term
reanalysis and satellite data in a statistical downscaling approach based on regression modelling,
which allowed to reconstruct past coast-level temperatures and hindcast the incidence of MHW
in the last four decades. By including the effect of coastal upwelling and air-sea heat fluxes, our

method enabled us to predict an improved temperature series that i) reliably reproduces near-
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shore sea surface temperatures, ii) retains the satellite’s spatial and temporal resolution and iii)
improves MHW detection near-shore. Also, the assessment of trends using static vs. dynamic
detection thresholds suggested that the underlying ocean warming trend contributed to enhance
the incidence, intensity and duration of MHWs along the coasts of the Cantabrian Sea during the

last four decades.

Downscaling of satellite data enabled the reconstruction of a temperature series to fairly capture
temperature variation close to the coast, enhancing the detection and characterization of MHW
nearshores. However, some aspects of this approach limit its possible application in other areas
and require further refinement. The proposed downscaling approach relies on long-term field
records of water temperature that are seldom available (Oliver et al., 2021). Data from
meteorological station networks provide a potential alternative, with the added challenge of
modeling water temperature dynamics (e.g., Somavilla Cabrillo et al., 2011). Another caveat lies
on the number of stations needed to properly characterize downscaling transfer functions. The
two stations, Oleiros and La Franca, may not be fully representative of upwelling regimes along
the southern Bay of Biscay, which tend to be weaker towards the inner part of the Bay (Lavin et
al., 2006).

Our approach has room to improve by considering additional physical processes modulating
water temperatures along the Cantabrian shelf, like the incidence of the Iberian Poleward Current
(IPC, Garcia-Soto et al., 2002). This current conveys subtropical, warm waters along the
Cantabrian continental shelf and slope during winter, which result in milder conditions that might
favor the occurrence of MHWs. In other areas, it may be more important to account for the impact
of river discharge or tidal currents on temperature. Nevertheless, the approach provides
reasonable, robust predictions and reassures the use of downscaling approaches to extend the

applicability of coarse satellite and reanalysis products near the shore.

Disparities between field and satellite temperature records are compatible with those reported in
prior studies regarding the reliability of near-shore satellite temperature data (Smit et al., 2013;
Stobart et al., 2008, 2015). The importance of these biases depends on the specific context and
the question at hand. Analyses of short-term temperature extremes like MHWSs, which entail fine-
scale recording of swift temperature variations, may be compromised by small scale biases (Smale
& Wernberg, 2009). On the other hand, satellites provide a reliable approach to assess the
incidence and impact of surface MHWSs in the open ocean (Fewings & Brown, 2019).
Downscaling methods are routinely used to project climate variables from coarse-resolution
climate models to a local-scale (e.g., Gaitdn et al., 2014; Gaitdn, 2016; Muhling et al., 2018) and
to reproduce historical records of specific events (Hirsch et al., 2021). Our approach relies on
analyses of air-sea heat fluxes and estimates of wind-induced cross-shore transport to calibrate

satellite estimates against field measurements through regression modelling.
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Deviations between satellite and field temperature records during coastal upwelling events
depend on water column stratification (Botas et al., 1990; Lavin et al., 2006; Llope et al., 2006),
but they mainly reflect the coarse resolution of the satellite product employed here. First,
temperature variability close to the land-sea margin occurs at smaller spatial scales than offshore
and, as a result, the effect of local physical processes such as coastal upwelling might go unnoticed
to it (Smit et al., 2013). Second, the coarse size of the satellite pixel entails an unavoidable
interpolation with temperatures more offshore. In general, open ocean waters have a greater
inertia and vary at a slower pace than shallow waters (Marin, Bindoff, et al., 2021). In particular,
upwelling-prone coastal areas tend to present significant differences in warming rates when
comparing trends in nearshore and offshore waters. Coastal cooling due to upwelling weakens
trends in surface temperature (Fewings & Brown, 2019; Gentemann et al., 2017) and enhances
differences in warming rates between coastal and oceanic waters. Offshore waters remain
unaffected by the cold-deep-water pump and experience higher warming rates (deCastro et al.,
2014; Santos et al., 2001). In fact, Varela et al. (2018) found that SST warming has been more
intense in offshore than nearshore waters in ~92% of the upwelling locations worldwide. During
upwelling events, satellite retrievals of offshore temperatures may result in warmer measurements
than those recorded by the field loggers close to the shore. Indeed, Meneghesso et al. (2020)
revealed that Level 4 remotely-sensed products (blended satellite and/or in situ observations,
interpolated to fill data gaps like those used here) can overestimate coastal SST in upwelling
prone locations. This warm bias may consequently lead to the overestimation of MHW events.
Varela et al. (2021) recently showed that trends in the number of MHW days were lower near the
coast than in adjacent offshore areas in the Eastern Boundary Upwelling systems. Our results add
to previous evidence showing a similar buffering effect in a system with weak seasonal upwelling

and highlight how satellite-derived SSTs may overestimate MHW incidence near the coast.

All available estimates agree that the Bay of Biscay has been warming at rates above 0.10°C per
decade since the 1970s (Table 3.A.1). The increase in SST observed in the present study in all 25
localities along the coast of northern Spain within Sep. 1981 - Dec. 2019 confirms previous
findings and results in trend estimates similar to those of Gomez-Gesteira et al. (2008), who
revealed a warming of 0.15-0.25°C per decade along the Cantabrian coast. This temperature
increase might be linked to the general warming trend in the North Atlantic Ocean, which is

attributed to global climate change (Harris et al., 2014).

The combined use of static and dynamic detection thresholds allowed us to contrast MHW trends
with and without the effect of long-term ocean warming (Oliver et al., 2021). The results imply
that the underlying warming trend contributed to increase the number of MHW days in the

Cantabrian coast by a 20% (Fig. 3.5 & Fig. 3.A.6). These outcomes are consistent with the
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assessment of the impact of global warming on MHW incidence conducted by Laufkétter et al.,

(2020) and Marin, Feng, et al. (2021).

The contrast in the trends obtained with each MHW detection threshold for all MHW features
(Fig. 3.4) suggests that their overall increase has its origin in the progressive ocean warming trend.
It should be noted that the warming period to which the Bay of Biscay is currently subjected
began in the 1970s (deCastro et al., 2009). The extended modelled series comprises most of it;
nonetheless, a time series spanning the warming period thoroughly may have likely revealed a
clearer increasing trend for MHW features such as iu. and imean (Fig. 3.4). The observed
differences in the progression of the number of MHW days per decade calculated with each
detection threshold also pointed towards the effect of the underlying sea warming trend (Fig. 3.5
& Fig. 3.A.6). The static threshold series followed a quite accentuated trend from the very
beginning though it reached maximum steepness from the 2000s on, coinciding with an increase

in the SST warming rate in central Cantabrian Sea (Voerman et al., 2013).

Since the 1970s, the N coast of Spain has been subjected to a global warming-associated increase
in SST (deCastro et al., 2009), especially during summer, enhancing water column stratification
(Gonzdlez-Gil et al., 2015, 2018); this trend parallels a decrease in the number of upwelling days
and their intensity, especially towards the inner part of the Bay of Biscay (Gémez-Gesteira et al.,
2011; Llope et al., 2006; Pérez et al., 2010). Taken together, these trends may lead to an enhanced
warming of the upper ocean layer in the coming years, which could be particularly remarkable
during summer months (Llope et al., 2006). Coastal upwelling can abate SST anomalies in coastal
areas (Fewings & Brown, 2019; Gentemann et al., 2017) and provide thermal refugia to cold-
affinity species (Lourenco et al., 2016; Seabra et al., 2019). Our findings support the
understanding of upwelling systems as key factors buffering ocean warming nearshore and

preventing the impact of threatening climate extremes.

Cold-temperate canopy-forming macroalgae are key components of Cantabrian coastal marine
ecosystems, as they provide complex habitat for a wide range of associated flora and fauna
(Martinez et al., 2015). Several authors have recently reported the abundance decrease, retreat
and redistribution of numerous macroalgae communities and their associated biodiversity since
the end of the XX century (Ferndndez, 2011; Viejo et al., 2011; Duarte et al., 2013; Nicastro et
al., 2013; Fernandez, 2016; Casado-Amezua et al., 2019; Ramos et al., 2020). These shifts have
generally been attributed to the general increase in SST in the Cantabrian Sea; indeed, ocean

warming has a negative effect on seaweed species (Wernberg, Russell, Thomsen, et al., 2011).

Long-term changes in mean SST are the main driver of the observed trends in the occurrence of
coastal MHWs globally (Frolicher & Laufkotter, 2018; Oliver et al., 2019). Considering the

above-described trends in the Cantabrian Sea, this hints at an alarming scenario for the coming
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years. Extreme temperature events tend to exert stronger, more immediate impacts than average
gradual trends associated with ocean warming (Oliver et al., 2018; Sanz-Lazaro, 2016). In fact,
MHWs have been accounted for remarkable impacts on macroalgae-dominated ecosystems
around the world (Wernberg, Russell, Moore, et al., 2011; Wernberg et al., 2013; Smale &
Wernberg, 2013; Reed et al., 2016; Wernberg & Straub, 2016; Wernberg et al., 2016; Arafeh-
Dalmau et al., 2019). Extreme thermal stress derived from MHWSs have well-documented effects
on seaweeds (from resistance to altered physiological and ecological performance, disruption of
ecosystem structure and regime shifts), although these may not be evident during, or immediately
after SST peaks, but might rather have long time-lags (Straub et al., 2019). Overall, increasing
temperatures and MHWs directly and indirectly alter the distribution and abundance of canopy-
forming species. Thus, our findings highlight the high conservation value and the suitability of
climate refugia associated with upwelling areas to safeguard seaweed diversity in the Cantabrian

Sea.

The results in this study imply that, during the last decade, half of the MHW events detected along
the Cantabrian coast occurred under the influence of the ocean warming trend. Future projections
under different global warming scenarios predict an increase in the occurrence and intensity of
MHWs in the coming years (Oliver et al., 2019). This urgently calls for a full risk assessment of
the Cantabrian Sea marine organisms and ecosystems in order to encourage the elaboration of
appropriate conservation and management strategies for a warmer future. The approach presented
here might contribute to improve the monitoring of the impact of MHWSs on marine coastal
ecosystems, which remain key for human livelihood but are currently endangered under the threat

of escalating global warming.
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Appendix

3.A. Supporting figures and tables

Field temperature data reconstruction
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Figure 3.A.1. Assessment of the transferability of model Mod; based on the ability to predict field coastal temperatures
from satellite measurements when trained with data from a different location. The left panel shows the improvement
in predictions of temperatures at Oleiros based on Mod; using satellite, bui and Qi data from the closest pixel but
parameters derived from fitting the model only using data from La Franca. The right panel shows the equivalent result
when predicting field data at La Franca using a model trained with data from Oleiros. Each panel details the resulting
linear regression (solid lines), Pearson correlation coefficients and RMSEs between field observations and model

predictions (blue), and between observations and satellite retrievals (red). The black dashed line is the reference 1:1

line.
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Field temperature data reconstruction
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Figure 3.A.2. Assessment of the transferability of model Mod; based on the comparison with a model trained at both
Oleiros and La Franca featuring a local effect of upwelling. As in Fig. 3.A.1, we focused on the ability to predict field
coastal temperatures from satellite measurements, but now comparing Mod; (blue) with a model where the interaction

between bui and Qi was allowed to vary between locations (orange). Both models were fit to all available data. Other

conventions as in Figure 3.A.1.
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Appendix
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SOLISS A[[AIES

SILIdS EPOIN . SOLIdS P[aL] .

Ul pa3odldp SMHIN
Aynsuayut ufomdn ——  ammeradwo) Af[ores

ameradwa) fpopy  —— ameradwa) pory  ——

£00T 00T

100T 000T 6661 8661

SOII[O

[Do] 2ameaadway, 9ovjIng €S

Figure 3.A.3. Seasonal sea temperature variations at Oleiros within 1998-2019. Colored bars in red (field), orange

(satellite) and light blue (best selected model [Mods, Table 3.1

]) show marine heatwave days detected with each

temperature series.
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Bakun Upwelling Index, bui [10° m® s km™]
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Figure 3.A.4. Seasonal sea temperature variations at La Franca within 1998-2019. Colored bars in red (field), orange

(satellite) and light blue (best selected model [Mods, Table 3.1]) show marine heatwave days detected with each

temperature series.
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Cantabrian Sea
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Figure 3.A.5. Sea surface temperature trend (middle row) and average sea surface temperatures (bottom row) within

Sep. 1981 - Dec. 2019 at each locality examined with the extended modelled series (fop row, salmon-colored rectangles).

Error bars correspond to 95% confidence intervals.
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Figure 3.A.6. Average decadal number of marine heatwave days detected with the extended modelled temperature
series along the coastal interface of the Cantabrian Sea (n=25). Note that we adjusted the estimates by the total number
of days per decade to compensate lack of data in the early 1980s. Marine heatwaves are calculated using static (first

column) vs. dynamic (second column) detection thresholds. Third column: difference in marine heatwave days between

both approaches (static - dynamic).
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Annual trends in sea surface temperature (SST) within the Bay of Biscay according to different authors,

databases and spatiotemporal scales.

Authors Period Area Database SST trend (°C dec™)
Koutsikopoulos et al. (1998)  1972-1993 Global Meteo-France 0.64
Gomez-Gesteira et al. (2008)  1985-2005 French Coast AVHRR 0.27

Cantabrian Coast AVHRR 0.21

deCastro et al. (2009) 1985-2006 Global AVHRR 0.30
1974-2007 Global ERSST 0.22

Costoya et al. (2015) 1982-2014 Global AVHRR 0.26
Gonzalez-Gil et al. (2018) 1981-2012 Global OISST 0.30
Chust et al. (2022) 2003-2019 Global NASA OBPG 0.11
This study 1981-2019  Cantabrian Coast OISST 0.23

Model reconstruction 0.16
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Chapter 4

Divergent responses to warming and marine

heatwaves in a small pelagic fish community

Abstract

Early life survival in marine fish is intricately linked to fluctuations in
environmental conditions, a relationship that accentuates as climate change reshapes
global oceans. This study explores the effects of environmental variability on a small
pelagic fish community in the Bay of Biscay, NE Atlantic, focusing on four species:
anchovy, mackerel, horse mackerel and sardine. These species have contrasting life
history strategies and show divergent population trends, with record abundance levels
of anchovy and a poleward expansion of mackerel accompanied by a steady decline
in the abundance of horse mackerel and sardine. We examined changes in recruitment,
population biomass, pre-recruitment survival and population growth in these species
in relation to physical conditions, considering changes in upwelling, turbulence, and
temperature, including marine heatwaves and cold-spells. We analyzed long-term
trends and the impact of environmental variability on the early life survival of each
species. Our analyses revealed an increase in sea surface temperature, an
intensification of marine heatwaves and a weakening of cold-spells throughout the
region over the last four decades. Coastal upwelling and turbulence affected the early
survival of anchovy, mackerel and horse mackerel, but the effect varied depending
on the region examined. Importantly, warmer waters and marine heatwaves were
positively associated with mackerel survival and negatively with horse mackerel
across the Bay — suggesting a potential link between increased mean and extreme
temperatures and distributional and phenological shifts in the populations of both
species. In contrast, marine cold-spells were detrimental to the survival of anchovy
and mackerel in most regions of the Bay. No effects were observed on the early
survival of sardine. Our study seeks to provide new insights into the environmental
and ecological scenario currently emerging in temperate spawning regions, with the
aim to devise sensible strategies that enhance the resilience of fish populations in a

changing climate.

Keywords: Sea surface temperature, marine heatwaves, pelagic fish, population

dynamics, life history, survival rate.
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Chapter 4: Divergent responses to warming and marine heatwaves in a small pelagic fish community
S .

4.1. Introduction

Marine fisheries play a crucial role in the global food system, sustaining the livelihoods
of millions while generating huge economic benefits (FAO, 2022). Alteration of the physics,
chemistry and ecology of the global oceans due to human-induced climate change and
mismanagement directly compromises the provision of these vital goods and services (Breitburg
et al., 2018; Xiu et al., 2018; Tittensor et al., 2021; Cheng et al., 2023) and lies behind reported
declines in marine ecosystems and their associated fish populations worldwide (IPBES, 2019;

Sumaila & Tai, 2020).

The impact of environmental stressors on the abundance of fish populations is often channeled
through the modulation of recruitment success (Myers, 1998; Minto et al., 2008). Survival until
recruitment age depends on a variety of factors, amongst which the environmental and trophic
interactions experienced during early life stages play a fundamental role, as over 90% of mortality
happens soon after larvae absorb their yolk and begin feeding (Houde, 2008). Understanding how
the environment shapes early life survival in fish populations is essential for gauging the potential
effects of climate-driven shifts and to develop strategies to bolster climate readiness and marine

fisheries resilience (Free et al., 2019; Bell et al., 2020).

Amongst the environmental factors that modulate recruitment success, temperature plays a
pivotal role. Temperature governs metabolic and physiological processes that modulate spawning
phenology and early development (Garrido et al., 2016; Kanamori et al., 2019; Alix et al., 2020).
Ocean warming might alter these processes due to rising temperatures and through the increasing
occurrence of marine heatwaves (MHWs, discrete and prolonged extreme warm water events;
Hobday et al., 2016), which are projected to intensify in coming decades with direct consequences
on fish populations and fisheries (Cheung et al., 2021; Payne, 2023). Conversely, marine cold-
spells (MCSs, discrete and prolonged extreme cold-water events; Schlegel et al., 2021) are

consistently becoming weaker and less frequent (Wang et al., 2022).

Another family of processes affecting recruitment success relate to wind-driven phenomena like
upwelling and turbulent mixing, which operate in two main fronts. First, they moderate
temperature extremes that can be potentially harmful for spawners and/or early life stages by
promoting a more uniform thermal environment across the water column. Coastal upwelling
lowers upper ocean temperatures by bringing deep, cool waters to the surface, and turbulence
redistributes heat across the mixed layer, deepening it and reducing surface temperature gradients
(Large et al., 1994; Varela et al., 2024). Second, they drive essential transportation patterns and
nutrient dynamics that, following Bakun’s triad hypothesis (Bakun, 1996), can influence
recruitment success through three main mechanisms: enrichment of the food chain by regenerated

nutrients in upwelled waters (Ware & Thomson, 1991), retention or drift of eggs and larvae in
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4.1. Introduction

suitable nursery areas taking advantage of seasonal cycles in offshore transport (Parrish et al.,
1981), and concentration of food for larvae and subsequent development stages due to moderate
turbulence (MacKenzie, 2000). These mechanisms infer a dome shape interaction between
recruitment and upwelling/turbulence intensity, as successful recruitment hinges on the balance
between enhanced feeding and calm conditions (see Cury & Roy, 1989). Future projections point
towards enhanced land-sea atmospheric pressure gradients under global warming, which will
likely alter wind regimes worldwide and consequently affect fish larval dispersal and survival in

relation to coastal winds (Garcia-Reyes et al., 2015; Bashevkin et al., 2020).

Large-scale shifts in the distribution and productivity of commercial fish species have been
observed on both sides of the North Atlantic as a response to climate change (Barange et al.,
2018). In the Northeast Atlantic, the European anchovy (Engraulis encrasicolus), Atlantic
mackerel (Scomber scombrus), Atlantic horse mackerel (Trachurus trachurus) and European
sardine (Sardina pilchardus) are among some of the most valuable pelagic fish species, providing
substantial amounts of catch along their range of distribution (ICES, 2023a, 2023b). The four
species spawn across the continental shelf of the Bay of Biscay and exhibit unique distributions
and phenologies (Motos et al., 1996; Uriarte & Lucio, 2001; Abaunza et al., 2003). These species
play a crucial role not only in sustaining the socio-economic framework of local fisheries but also
in preserving balance within the marine ecosystems in the Bay (ICES, 2021a, 2021b; Corrales et

al., 2022).

Over the past decades, the Bay of Biscay has experienced a rise in air and sea temperatures
(Costoya et al., 2015; Chust et al., 2022), an increased frequency and intensity of MHWs
(Izquierdo et al., 2022b; Simon et al., 2023) and elevated maximum wind speeds (Chust et al.,
2022). The potential impact of temperature extremes such as MHWs and MCSs on pelagic fish
species in the Bay of Biscay has not yet been examined. However, reported impacts on fish stocks
around the world (Feng et al., 2021; Thompson et al., 2022) suggest that similar effects may be
observed in the Bay of Biscay. In fact, some fish populations have started to respond to the former
trends, particularly those associated with temperature (Erauskin-Extramiana et al., 2019; Véron
et al., 2020; Chust et al., 2023), which raises concerns on the ecological implications and the
adaptive strategies that fish populations may employ to cope with ocean warming, and how it will

affect local fisheries.

Our study aims to shed light on the impact of shifting climate conditions on small pelagic fish
amidst in the Bay of Biscay — which so far include alterations in migration and distribution
patterns and changes in spawning phenology (Montero-Serra et al., 2015; Erauskin-Extramiana
etal.,2019; Schickele et al., 2020; Chust et al., 2022, 2023). To achieve this, we rely on i) relevant
oceanic environmental factors (alongshore upwelling, turbulence, average sea surface

temperature and metrics characterizing marine heatwaves and cold-spells) and ii) indices of
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recruitment and population abundance. To capture the interannual variability in the environmental
conditions experienced by the four species during their early life stages, we restrict the
environmental data spatially to the continental shelf and slope, and temporally to the specific
spawning period of each species. Through this targeted approach, we assess long-term trends over
the last four decades and examine the impact of environmental fluctuations on the early life
survival of small pelagic fish in the Bay of Biscay. We anticipate varying responses on the latter
based on species-specific spawning preferences and life history traits, though a consistent effect
of temperature -either broadly or through discrete extreme events- is expected owing to the
overarching ocean warming trend. Our results highlight the intricate interplay between the
environment and fish populations and contribute valuable insights to their understanding in the
Bay of Biscay, paving the way for informed decisions that foster resilience in the face of ongoing

climate change.

4.2. Materials and methods

4.2.1. Study area

Located between 0-10°W and 43-—48°N, the Bay of Biscay (NE Atlantic) is a gulf
dominated by an extensive, central abyssal plain surrounded by three continental shelves (Fig.
4.1). The Cantabrian shelf is in the south and it is relatively narrow (up to 30 km) compared to
the Aquitanian shelf and the Armorican shelf in the east, whose width increases with latitude (up

to 150 km offshore the tip of Brittany; Lavin et al., 2006).

As a temperate sea, the Bay of Biscay exhibits a pronounced seasonal mixing and stratification
of water masses. This pattern is modified over the shelf by upwelling and other transport-related
processes, leading to substantial variation in primary production and phytoplankton biomass
within the region (ICES, 2021a). Habitats further offshore are shaped by the influence of Atlantic

waters, although circulation tends to be weak (Borja et al., 2019).

The Bay of Biscay primarily encompasses a pelagic ecosystem, particularly in low trophic levels
in which the interactions between phytoplankton, zooplankton and forage fishes define the main
trophic flows (Lavin et al., 2006).A significant portion of primary production ends up as detritus,

sustaining suspension and deposit feeders and demersal fishes (Corrales et al., 2022).
4.2.2. Study species

The European anchovy is a small pelagic fish found from northern Europe to
southwestern Africa (Whitehead et al., 1988). It reaches maturity within a year and forms large
migratory schools that, in the Bay of Biscay, migrate to northern deeper waters in summer and to

southern shallower waters in winter (Uriarte et al., 1996). Spawning occurs from March to August
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Figure 4.1. Map of the Bay of Biscay. Each 0.25° quadrangle (n = 240) corresponds to an aerial pixel location where
we gathered sea surface temperature and wind vector data. Cape Estaca de Bares, the Adour River mouth, the Gironde
estuary and Pointe du Raz delimit the Cantabrian (blue), Aquitanian (orange) and Armorican (green) shelves. Strongly
colored cells indicate the pixels selected to calculate the Bakun Index, for which we considered the different orientations
of the wind stress component, 1,, along the coastline: easterly (E-W) from Cape Estaca de Bares to the Adour mouth
(dark blue), northerly (N-S) from the Adour mouth to northern Gironde estuary (orange), and northwesterly (NW-SE)
encompassing the stretch from this point to Pointe du Raz (green). Bathymetry data were extracted from the GEBCO
2023 Grid (GEBCO Compilation Group, 2023).

in three main spawning grounds: two near the Garonne and Adour-Bidasoa rivers (younger fish)
and one along the shelf break (older fish), with additional centers scattered in the Cantabrian Sea
(Lucio & Uriarte, 1990; Motos et al., 1996; Sola et al., 1990). However, environmental changes
are projected to expand the anchovy spawning area in upcoming decades (Erauskin-Extramiana
etal., 2019). In the Bay of Biscay, a serious population decline led to a fishery closure from 2005
to 2009, with a regulated reopening in 2010 under TAC limits (Andrés & Prellezo, 2012; Uriarte
et al., 2023). The population rebounded back to sustainable levels, with a historical highest
abundance estimate above 200 x 10°t in 2021 (ICES, 2021f), but rising concerns about declines
in body size (Bdens et al 2023; Taboada et al. 2024).

The Atlantic mackerel is a pelagic, migrating fish inhabiting the Northeast Atlantic, where it
forms size-dependent schools that migrate seasonally between wintering grounds in the
Norwegian and North Seas and spawning areas near the British Isles and the Bay of Biscay
(Uriarte et al., 2001). The stock is divided into three spawning components: northern, western,
and southern (ICES, 1996). Here we focus on the major, western component, which spawns from
February to July along the European continental shelf margin, from the Bay of Biscay through
the Celtic Sea and the Porcupine Bank to the Faroes Grounds (ICES, 2020). Spawning starts and
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peaks in the southern Bay of Biscay in late winter and spring, where most of the reproductive
effort concentrates (Chust et al., 2023). Over the last decades, the increasing abundance of
mackerel has been accompanied by a poleward expansion attributed to ocean warming and
increased prey availability (Olafsdottir et al 2019; Chust et al., 2023; dos Santos Schmidt et al.,
2024), a trend expected to continue in the coming years (Bruges et al., 2016). The expansion
triggered an international dispute in the fisheries (Hannesson, 2013; @sthagen et al., 2020), but
the population has declined back from peak levels in 2013.

Atlantic horse mackerel is a long-lived species distributed along the East Atlantic, from northern
and western Europe to West Africa, including the Mediterranean Sea (Smith-Vanith, 1986). It is
divided into several stock units: North Sea, western, southern, and Mediterranean, with debate on
an additional Saharo-Mauritanian stock (ICES, 2005; El Mghazli et al., 2022). Here we focus on
the western stock, which is distributed from the Bay of Biscay to the Norwegian Sea along the
western European margin. Horse mackerel migrates seasonally between these areas in the search
of food-rich regions and to their spawning grounds along the continental shelf, exhibiting a certain
degree of site fidelity (Abaunza et al., 2008; Chust et al., 2023). The Bay of Biscay concentrates
a large fraction of horse mackerel spawning from March to August with a peak in May-June
(Lucio & Martin, 1989). The size of the stock has declined steadily since the 1990s due to a
decrease in production (ICES, 2022; 2023b), and it has even been listed as a vulnerable species
by IUCN (Smith-Vaniz et al., 2015). Importantly, a 2021 stock reassessment led to a rebuilding
plan aimed at recovery to safe biomass levels (ICES, 2021c¢), but subsequent revisions resulted in

zero-catch recommendations for 2023 and 2024 (ICES, 2022; 2023b).

The European sardine is a widely distributed, small pelagic fish found from northern and western
Europe to northwestern Africa (Parrish et al., 1989). In European waters it is divided into northern
and southern stocks, with key spawning grounds in the English Channel and in the Bay of Biscay
(ICES, 2021d; Coombs et al., 2005; Planque et al., 2007). Spawning grounds in the Bay show a
nearly continuous geographical distribution across the shelf, except for a break at its southeast
corner (Bernal et al., 2007). Spawning extends from autumn to spring, divided into two periods
that reach peak activity in April and October (Véron et al., 2020). Sardine biomass and catches
have declined steadily since the early 1980s and it is considered to be partially trapped in a low
productivity regime (ICES 2022a). Future projections point at a decline in sardine populations
due to ocean warming (Torralba & Besada, 2015), alongside worsening body condition and

slower growth (Véron et al., 2020), raising concerns on their long-term sustainability.

4.2.3. Population indices

We focused on the dynamics of the four small fish species that dominate the pelagic

habitat in the Bay of Biscay: European anchovy, Atlantic mackerel, Atlantic horse mackerel and
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Table 4.1. Details on ICES stocks and life history traits of anchovy, mackerel, horse mackerel and sardine in the Bay

of Biscay (FAO Subarea 27.8; see also Fig. 4.A.1 in the Appendix).

European anchovy Atlantic mackerel Atlantic horse mackerel European sardine
(Engraulis encrasicolus)' (Scomber scombrus)* (Trachurus trachurus)? (Sardina pilchardus)*
Stock ID ane.27.8 mac.27.nea hom.27.2a4a5b6a7a-ce-k8 (W) pil.27.8abd (N)
Time span 1987-2022 1980-2022 1983-2021 2002-2020
Egg hatching [h] 28-55 90-102 40-167 30-72
Maturity [y] 1 3 5 1
Longevity [years] 5 12 >20 6
Adult size [em] ~15 ~35-45 ~25-35 ~20
Fecundity [eggs/g] 200-600 1000 500-1500 400
Spawning period(s) Mar-Aug Mar-Jul Mar-Aug Apr-Jun, Oct-Dec
Spawning peak(s) May-Jun Apr May-Jun Apr, Oct
Spawning thermal niche 14-18°C 9-16°C 13-17°C 13-17°C

"Lucio & Uriarte (1990), Motos et al. (1996), Bernal et al. (2012); 2Lockwood et al. (1977), Borja et al. (2002), Chust et al. (2023); 3Pipe
& Walker (1987), Abaunza et al. (2003), Chust et al. (2023); “Coombs et al. (2006), Garrido et al. (2016), Véron et al. (2020).

European sardine (ICES, 2021b). Table 4.1 provides key information on the selected ICES stocks
for each species and their corresponding life history traits, while Figure 4.A.1 in the Appendix
illustrates the spatial extent of each stock. Contrarily to the anchovy and sardine stocks, which
are mainly confined to the Bay of Biscay, the stocks for mackerel and horse mackerel cover a
much larger area due to their migratory behavior. Analyses of triennial egg surveys demonstrate
that most the spawning activity of both species in the Northeast Atlantic occurs along the
Cantabrian shelf, in the Bay of Biscay (Chust et al. 2023), which reinforces the significance of
our regional focus. For sardine, we concentrated on the western stock, which covers the
Armorican and Aquitanian shelves, as the southern stock only marginally extends into the Bay of
Biscay (Diaz-Conde et al., 2017). As a result, our analyses for sardine focus exclusively on the

two primary shelves and do not consider the Cantabrian shelf.

These four pelagic species differ on their life history strategies: anchovy and sardine are small,
short-lived species with rapid growth and maturation and a fast population turnover, while
mackerel and horse mackerel have a larger body size, slower growth and longer lifespans, with
dominant cohorts and variable reproductive success that result in a slower replacement of mature
individuals (Rochet, 2000). Different life history strategies reflect alternative adaptive solutions
to cope with environmental variations. As Winemiller (2005) notes, life history strategies
determine the demographic rates, population dynamics, and long-term viability of fish under
exploitation. Thus, understanding these life history traits is crucial when evaluating how

environmental factors influence fish populations, as short-lived species may react rapidly to
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favorable or adverse conditions, while longer-lived species may buffer short-term impacts but

face challenges over prolonged environmental shifts.

We gathered biomass estimates of the spawning stock (SSB) and age-1 cohorts of recruits (R)
from stock assessment models informed by scientific, bottom-trawl, acoustic and egg surveys
(ICES, 2021a, 2021b). We converted recruitment to biomass units multiplying their abundance
by the mean body weight in the stock at age-1. Focusing on age-1 recruits allowed us to fully
capture lagged effects of environmental forcing on the pre-recruitment survival index (PRSI),
which we calculated as the natural logarithm of the ratio between R and SSB (Minto et al., 2008).
PRSI is a proxy for early life survival, offering insights into how environmental factors influence

the survival of recruits relative to the reproductive potential of the adult population. Additionally,

we calculated the population growth rate (PGR; defined as PGR;,, = log, (%), Sibly &
t

Hone, 2002) to assess short and long term trends in adult fish component of the population and

to frame the impact of recruitment fluctuations in the dynamics of the stock contribution.

Finally, to explore the degree of association among all the population indices, we estimated the
cross-correlation between 1) log-transformed R and SSB and ii) PRSI and PGR through Pearson
correlation tests. We aligned PRSI and PGR taking into account the time lag due to the age of

maturation of each species, which might differ from the age of recruitment (Table 4.1).

4.2.4. Environmental data

Early-life fish survival depends on multiple mechanisms, among which fluctuations in
environmental forcing play a major role (Houde, 2008). Temperature affects the spawning activity
and recruitment variability of anchovy, mackerel, horse mackerel and sardine in the Bay of Biscay
(Pipe & Walker, 1987; Planque et al., 2007; Hughes et al., 2014). Previous work has revealed a
positive effect of wind-induced upwelling upon anchovy recruitment in the Bay (Borja et al., 1996,
1998; Allain et al., 2001, 2007), which turned non-significant for mackerel and horse mackerel
(Borja et al., 2002; Lavin et al., 2007). Borja et al. (1996, 1998, 2002) also found negative
associations between wind induced turbulence and larval survival and recruitment in both

anchovy and mackerel.

We gathered satellite and reanalysis data on surface temperature and ocean winds over the Bay
of Biscay during the last four decades to assess the impact of environmental variability on early
life survival. The analyses focused on spawning and early life stages. We masked the continental
shelf and slope (Fig. 4.1), where most spawning and early life activity occurs, up to 2000 meters
deep (Lavin et al., 2006; Ibaibarriaga et al., 2007). Then, we averaged data corresponding to the
entire and peak spawning periods of each species (Table 4.1), which encompass the most

vulnerable early life stages.
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Bakun Index, alongshore upwelling and turbulence

Hourly ocean surface wind vectors between Jan. 1982 and Dec. 2022 were extracted from
ERAS 0.25° reanalysis available at the Climate Data Store (CDS) of the Copernicus Climate
Change Service (C3S) (Hersbach et al., 2020) and conveniently averaged into daily estimates.

We calculated wind stress (t [N m™]) from neutral wind speed vectors at 10 m (Ujo [m s™']) using
the bulk formula; T = pair - Cp - Uso - |Usg|, where pui» is air density (taken as 1.223 kg m™) and Cp
is a non-dimensional drag coefficient. Cp was estimated as a function of U;y based on Large et al.

(1994):

L. 270
10°Cp == + 0.142 + 0.0764U3
10

Tgq L

We calculated Bakun (1973) Index (B) = TL = f[rn3 s'], which is based on estimates of

Psw

seaward Ekman transport (7 [m® s™']) along a segment of coast of a given length (L = 1 m). To
accurately capture the driving wind forces and acknowledge their localized nature, we estimated

the Bakun Index based on wind speed data from the nearest pixels to the coast (Fig. 4.1).

Wind-induced upwelling in the Bay of Biscay is mainly produced by easterly winds along the
Cantabrian coast, and northerly and northwesterly winds off southern Brittany (Lavin et al., 2006).
Thus, we estimated the alongshore component of wind stress, T., assuming different coastline
orientations for each continental shelf: easterly for the Cantabrian shelf, northerly for the
Aquitanian shelf and northwesterly for the Armorican shelf (Fig. 4.1). Seawater density, psw, was
set to 1025 kg m™, and the Coriolis parameter, f (s™'), was calculated following 2 = 2 sin ¢,
where Q is the rotation rate of the Earth (Q = 7.27-107 s™) and ¢ is latitude. We applied a 5-day
simple moving average on the resulting Bakun Index estimates to integrate the cumulated impact
of high frequency wind variability on cross-shore transport (Garcia-Reyes & Largier, 2010).
Positive values correspond to the upwelling of deep waters and leads to surface cooling, whereas
negative values correspond to downwelling, sinking and warming. To capture the net upwelling-
downwelling annual balance, we took monthly means of daily Bakun Index estimates and added
them for each year. Additionally, we derived the total annual alongshore upwelling (which we
will refer to as Upwelling Index, UI) by taking monthly means of positive-only Bakun Index

values and adding them for each year, as implemented in Borja et al. (1996).

Finally, we calculated wind-generated turbulence (furb) as the cube of wind stress (Bakun &
Parrish, 1982). Annual estimates were computed by averaging daily turbulence values for each

year.
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Sea surface temperature

Sea surface temperature (SST) data were retrieved from the NOAA Optimum
interpolation 0.25° daily sea surface temperature analysis (0iSST version 2, Jan. 1982-2022, see

Reynolds et al., 2007; Banzon et al., 2016) and www.ncdc.noaa.gov/oisst for further details). To

ensure temporal homogeneity (Reynolds & Chelton, 2010), we used the Advanced Very High-
Resolution Radiometer (AVHRR-only) product from the Pathfinder Version 5 dataset (Casey et
al., 2010). This dataset includes an optimal interpolation step to fill gaps and aggregate fine scale
high resolution retrievals (~1 km) that effectively smooths original observations and avoids biases

in measurements close to the land-sea interface.

Spawning thermal niche

We calculated the number of days per year in which SSTs fell within thermal spawning
preferences of the European anchovy, Atlantic mackerel, Atlantic horse mackerel and European
sardine during their respective spawning seasons (see Table 4.1). We classified each day based
on temperature conditions falling within or outside the optimal spawning thermal niche of each
species based on reanalyzed, daily satellite retrievals (Table 4.A.1 in the Appendix). This

classification allowed us to identify conditions that could potentially be detrimental to the species.

Marine heatwaves (MHWSs) and cold-spells (MCSs)

We identified extreme marine temperature events by analyzing SST data spanning the
last four decades on the continental shelf of the Bay of Biscay. We followed Hobday et al. (2016)
criteria, by which MHWSs (MCSs) can be defined as periods warmer (colder) than the 90" (10™)
percentile of the climatological observations at a given location lasting for at least 5 consecutive
days and based on a 30-year historical baseline period - though a 10-year-long period provides

acceptable results (Schlegel et al., 2019).

In line with the methodology outlined in Izquierdo et al. (2022b), we used a parametric Monte
Carlo approach to estimate the 90th and 10th threshold climatologies for the detection of MHWs
and MCSs, respectively. This approach was adopted as an alternative to the conventional 30-day
moving window method to prevent potential directional lags and enhance accuracy. For the 1982-
2022 SST series, we used a Generalized Additive Model (GAM) incorporating a constant seasonal
cycle. We then generated 10,000 sets of model parameters by randomly selecting values from the
estimated mean and covariance to simulate daily surrogate time series, which resulted in an
unbiased dataset of 90th and 10th threshold estimates spanning our study period. To avoid minor

fluctuations, we smoothed the obtained thresholds applying a 15-day central moving average.

To effectively assess and describe the occurrence of both MHWs and MCSs over time, we

gathered the following metrics: the total number of events (#evens) and event days (r4q5) per year,
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as well as the maximum, mean and cumulative intensity (imax, imean and icum, respectively) and
duration (D) of each event - averaged per year. See (Hobday et al., 2016) for a comprehensive

definition of these metrics.

4.2.5. Statistical analyses

We assessed long-term trends on environmental factors (Bakun Index, Upwelling Index,
turbulence, SST, spawning thermal niche classes and MHW/MCS features) and population
indices for anchovy, mackerel, horse mackerel and sardine (R, SSB, PRSI and PGR) over the past
four decades across the Bay of Biscay. Then we used linear and GAM models to assess potential

effects of environmental forcing on the PRSI of each species.

Long-term trends

We performed linear regression to assess temporal trends in SST, Bakun Index,
Upwelling Index, turbulence and MHW/MCS metrics over the period 1982-2022 in the
continental shelf of the Bay of Biscay. We analyzed annual trends, but also trends for averages
and counts taken over the spawning period of each species. We used simple linear regression to
assess trends in continuous variables (e.g. SST), and Poisson generalized linear models (GLMs;
Gelman & Hill, 2006) to assess trends in counts of discrete events during some period of time
(e.g. spawning thermal niche classes, MHW/MCS #evens and naqs). We performed standard
residual checks and tests to assess model adequacy. In some cases, it was necessary to account

for overdispersion using quasi-Poisson GLMs (Gelman & Hill, 2006).

To examine the overall change in the population indices extracted for each selected species within
their respective time frames, we computed linear regression analyses on R, SSB, and PRSI and
the arithmetic mean of PGR. We applied a logarithmic transformation on the SSB and R biomass

data to stabilize variance.

PRSI variability and environmental forcing

We implemented both linear regression and GAM models to assess the effect of Bakun
Index, Upwelling Index, turbulence, SST and MHW/MCS features on the PRSI of each of the
selected fish species. Linear models provide a simple, first-order approach to assessing the effect
of environmental covariates, while GAM models bring flexibility to accommodate potentially

nonlinear responses.

Survival variability mostly arises from environmental conditions acting on early life stages;
however, regulation through mechanisms dependent on population density can also play a role

(Houde, 2008). Here, we follow the Ricker spawner-recruit model and assume PRSI to be
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negatively correlated to SSB through a linear function (compensatory population dynamics,

Minto et al., 2008). The resulting model takes the form:
PRSI = By + B,SSB + B, X

where X represents the environmental variable of choice. To facilitate a direct comparison of the
coefficient magnitudes, we standardized the regression inputs by dividing them by two standard
deviations, following the recommendations in Gelman (2008). Note that the models cover
different time periods depending on the length of the available datasets for each species (Table
4.1).

The models were computed to assess both Bay-wide and shelf-specific effects, considering the
entire and peak spawning periods for each species to capture the full spectrum of environmental

variability while focusing on the most critical periods for reproductive success.

4.3. Results

Long-term trend analyses on environmental variables unveiled a statistically significant
rise in SST on the continental shelf of the Bay of Biscay, with an average warming rate of 0.27°C
per decade that was evident on an annual basis and during the spawning months of each species
(Table 4.2; Fig. 4.2). Visualizing the decadal average maps for SST highlights the escalating trend
(Fig. 4.A.2). No discernible trends were identified for the Bakun Index, Upwelling Index and

turbulence, neither annually nor within the specific spawning seasons of each species.

The incidence and key features of MHWs and MCSs within 1982-2022 exhibited distinct and
opposing patterns. First, there was a significant increase in the average annual count of MHWs
and in the average number of MHW days per year (#evenss and 714ays, ~58% and ~79% per decade,
respectively); contrarily, an annual decrease in both variables was acknowledged for MCS
(~-41% and ~-46% per decade, respectively) (Table 4.2; Fig. 4.3). Statistical significance for
MHW and MCS #eyens and nqqys extended beyond an annual basis, persisting during the spawning
seasons of all four species. To ease the interpretation of these contrasting trends, we displayed
MHW and MCS 7445 on a decadal scale through a map (Figs. 4.A.3 and 4.A.4) and on a parallel
coordinates plot (Fig. 4.A.5). Second, the diverging pattern between MHW and MCS persisted
when examining their key features. An annual increase was observed for MHWS ic.n (4.16°C days
per decade) and D (2.43 days per decade) as well as an annual weakening in MCS icum (2.77°C
days per decade) and D (-1.83 days per decade). These contrasting trends remained significant
during the spawning seasons of all species. Consistent trends in MHW i,,4x and/or ime.n Were
observed during the spawning seasons of all species, though not annually; the same features

displayed no significance for MCSs.
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Analyses on the occurrence of optimal and non-optimal spawning SSTs for each species during
their respective spawning seasons revealed an increasing frequency of SSTs exceeding their
spawning thermal niche, as well as a decrease in SSTs falling below it (Table 4.3, Fig. 4.4). All
species exhibited consistent trends. First, only mackerel demonstrated statistical significance in
the occurrence of SSTs matching its spawning thermal niche - showing a declining trend over
time. Second, a significant rise in the frequency of extremely hot SSTs (>3°C over niche) was
observed for all species; consistent increases in the occurrence of hot (<1.5°C over niche) and

very hot SSTs (1.5-3°C over niche) were only acknowledged for sardine. Third, the frequency of

Table 4.2. Linear trends in environmental variables over the period 1982-2022 in the continental shelf of the Bay of
Biscay. The tested variables include Bakun Index (BI), Upwelling Index (UI), wind turbulence (turb), sea surface
temperature (SST), as well as marine heatwave and marine cold-spell total count of events (#evenss) and event days (#4ays)
per year, average duration (D) and maximum, mean and cumulative intensity (imax, imean, icum). Trends were estimated
both for annually integrated metrics and for averages and counts taken over the spawning season of each species. The
slope, standard error (SE) and proportion of variance explained (R?) are shown for each variable. Significant effects
(p-value <0.05) are highlighted in bold. Variables displaying significant effects on all time spans are further highlighted

in gray. Note that marine cold-spell inqx, imean and ic.n take negative values.

Non-extreme Marine heatwaves Marine cold-spells
Variable BI Ul turb SST Nevents ndays imax Tmean Teum D Nevents ndays Tmax Tmean Teum D
. 10° 10° 0 0
Units = 3¢l mds!  mie? oC % % °C °C C Days % % °C °C ¢ Days
decade 1 1 days days
km km’
Annual (Jan-Dec)

Slope 0.01 0.00 3.06 0.27 57.65 78.87 0.05 0.01 4.16 2.44 -40.66 -46.09  -0.01 -0.02 2.77 -1.83
SE 0.02 0.01 5.77 0.03 10.48 13.80 0.04 0.02 1.22 0.66 10.70 11.06 0.03 0.02 0.94 0.49
R? 0.01 0.00 0.01 0.61 0.45 0.38 0.06 0.01 0.24 0.27 0.56 0.46 0.00 0.04 0.19 0.27

Anchovy & horse mackerel (Mar-Aug)

Slope 0.03 0.01 0.47 0.29 60.06 82.39 0.13 0.05 5.25 2.81 -38.69 -45.49 0.04 0.00 3.97 -2.28
SE 0.02 0.01 5.88 0.05 13.71 15.96 0.04 0.02 1.50 0.76 13.36 14.32 0.04 0.02 1.08 0.58
R? 0.07 0.03 0.00 0.50 0.39 0.39 0.19 0.11 0.25 0.27 0.41 0.35 0.03 0.00 0.27 0.29

Mackerel (Mar-Jul)

Slope 0.03 0.01 -1.59 0.30 60.46 83.71 0.14 0.06 5.54 2.92 -39.00 -44.72 0.07 0.02 3.74 -2.07
SE 0.02 0.01 6.13 0.05 15.25 17.66 0.05 0.03 1.70 0.86 14.59 15.24 0.04 0.02 1.34 0.72
R? 0.05 0.01 0.00 0.52 0.35 0.36 0.17 0.11 0.23 0.24 0.40 0.34 0.10 0.02 0.18 0.19

Sardine (Apr-Jun/Oct-Dec)

Slope 0.02 0.00 0.99 0.33 85.18 117.28 0.11 0.04 5.35 2.95 -41.90 -46.01 0.02 -0.01 2.99 -1.83
SE 0.03 0.02 11.26 0.04 15.50 17.78 0.05 0.02 1.54 0.82 15.36 15.67 0.05 0.02 1.28 0.64
R? 0.01 0.00 0.00 0.59 0.46 0.40 0.15 0.08 0.25 0.26 0.46 0.34 0.00 0.00 0.13 0.18
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Figure 4.2. Average Bakun Index (BI), wind turbulence (furb) and sea surface temperature (SST) in the continental
shelf of the Bay of Biscay within 1982-2022. Series represent annual estimates (grey) and seasonal estimates for the
specific spawning seasons of different species (green, pink, orange). Shaded areas account for 95% confidence intervals

of the estimated linear trends in each case.
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Figure 4.3. Annually averaged key metrics of marine heatwaves (top row) and marine cold-spells (bottom row) detected
over the continental shelf of the Bay of Biscay over the period 1982-2022. Features with consistent trends on an annual

basis are shown (see Table 4.2). The attributes and structure of this figure mirror those of Figure 4.2.

very cold (1.5-3°C below niche) and extremely cold SSTs (>3°C below niche) showed consistent
decreases for all species except mackerel; significant declines in the occurrence of cold SSTs
(<£1.5°C below niche) were only observed for mackerel and sardine. Figures 4.A.6-9 in the

Appendix show decadal average maps of the frequency of SSTs within and below the spawning

thermal niche of each species.

Different scenarios emerged for the populations of anchovy, mackerel, horse mackerel and
sardine. First, there were significant and positive correlations between i) R and SSB for anchovy
and mackerel and ii) PRSI and PGR for all species except sardine (Table 4.4). Second, long-term

trend analyses revealed increases in R and SSB for anchovy and mackerel, yet these did not map
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Table 4.3. Output summary of Poisson regression models analyzing long-term trends in the occurrence of sea surface
temperatures falling within, above or below the spawning thermal niches of European anchovy, Atlantic mackerel,
Atlantic horse mackerel and European sardine during their respective spawning seasons within 1982-2022 in the
continental shelf of the Bay of Biscay. The slope and standard error (% decade™") are shown along with the proportion

of variance explained (R?, in between brackets). Significant trends (p-value < 0.05) are highlighted in bold.

Extremely cold

Extremelyhot o poi(1s— Hot (<1.5°C over Within Cold (<1.5°C Very cold (1.5 °
(>3°C over o X . . . o . (>3°C below
. 3°C over niche) niche) niche below niche) 3°C below niche) .
niche) niche)
Ancho 33.01 £3.96 4.47 +£3.06 1.45+2.75 0.69+ 1.8 3.85+2.53 -7.66 +2.28 -24.75 £ 4.03
Vv
Y (0.31) 0.11) (0.01) (0.00) (0.03) (0.24) 0.27)
Mackerel 20.60 £ 3.15 2.61+£3.27 0.84 +3.10 -3.79 £ 1.34 -33.14 £ 18.90 -24.75 £201.99 0
ackere!
¢ (0.34) 0.03) (0.00) (0.29) (0.10) (0.01) (0)
H Kerel 18.73 £2.74 1.97+£2.82 -0.03 +£2.72 222+1.79 -2.61+222 -18.55 +3.17 -31.64 £ 8.37
. macker
ckere (0.30) 0.03) (0.00) (0.02) (0.03) (0.32) (0.18)
Sardi 67.32+£11.73 44.20 £5.08 18.04 +3.02 1.97+1.28 -13.88 +2.21 -32.56 +4.90 -38.83 £21.13
ardin
mne (0.30) 0.47) (0.46) (0.05) (0.39) (0.44) (0.10)
Anchovy Horse mackerel
Spawning season: Mar-Aug  Spawning thermal niche: 14— 18 °C Spawning season: Mar-Aug  Spawning thermal niche: 13—17 °C

Mackerel Sardine

Spawning season: Mar-Jul Spawning thermal niche: 9—16 °C Spawning season: Apr-Jun/Oct-Dec Spawning thermal niche: 13—17 °C

Month of year
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Sea surface temperatures
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Very hot (1.5-3°C over niche) Optimal (within niche)
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Figure 4.4. Hovmoller diagram depicting average daily sea surface temperatures in the continental shelf of the Bay of
Biscay within 1982-2022, classified based on their proximity to the spawning thermal niche of each species. The
shading highlights the spawning season of each species. Dashed lines indicate the progression of the estimated times
of the year when temperatures approach the median of each species' spawning thermal niche. Note that this

representation of averaged temperatures may obscure existing trends presented in Table 4.3.
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Table 4.4. Pearson correlation coefficients of 1) log-transformed recruitment and spawning stock biomass (R~SSB) and
ii) pre-recruitment survival index and population growth rate (PRSI~PGR) for each examined species. Bold font is

used to denote statistical significance (p-value < 0.05).

Anchovy Mackerel Horse mackerel Sardine
R~SSB 0.39 0.35 0.29 -0.31
PRSI~PGR 0.95 0.66 0.49 0.40

Table 4.5. Changes in the population indices extracted for European anchovy, Atlantic mackerel, Atlantic horse
mackerel and European sardine in the Bay of Biscay within their respective time frames. Columns 1-3: outputs obtained
from the linear regression models analyzing long-term trends in age-1 recruits (R), spawning stock biomass (SSB) and
pre-recruitment survival index (PRSI). The slope and standard error (% decade™!) are shown along with the proportion
of variance explained (R?, in between brackets), and significant trends (p-value < 0.05) are highlighted in bold. Column

4: arithmetic mean and standard error (% decade™) of population growth rate (PGR).

Age-1 recruits (R) Spawning Stock Biomass ~ Pre-recruitment Survival Population Growth Rate
& (SSB) Index (PRSI) (PGR)
Anchovy
23.89 + 14.03 (0.07) 38.48 +£9.69 (0.27) -10.53 £ 13.51 (0.02) 52.14 +£128.49
(1987-2022)
Mackerel
14.30 + 3.52 (0.27) 9.79 +4.00 (0.12) 4.10 +4.58 (0.02) -0.82£16.75
(1980-2022)
Horse mackerel
-19.18 +9.66 (0.13) -44.32 + 3.67 (0.88) 45.17 +£9.49 (0.31) -28.27£20.10
(1982-2021)
Sardine
21.01 + 18.58 (0.07) -38.53 +5.13 (0.85) 96.85 +20.85 (0.43) -31.22+£44.78

(2002-2020)

into positive PRSI trends, which instead remained almost constant (Fig. 4.5, Table 4.5).
Conversely, while horse mackerel and sardine displayed contrasting patterns in R and overall
negative trends in SSB, they both showed significant increases in PRSI. Lastly, average PGR
estimates indicate the progressive increase to record abundance levels in anchovy, the decline of
horse mackerel and sardine, but almost no change in mackerel, which is now slightly below 1980

abundance levels following the expansion and huge increase during the 2000s.

Linear regression and GAM models consistently identified the same environmental effects on the
PRSI for anchovy, mackerel and horse mackerel, with only slight differences in the magnitude of
the R? values. No environmental variable had a significant impact on sardine survival. Below, we
discuss the results of the linear regression analyses (Table 4.6), reserving the output of GAM

models to Table 4.A.2 in the Appendix.

Anchovy survival was linked to averaged conditions over its entire spawning period for upwelling
(negatively in the Armorican shelf, positively in the Cantabrian shelf) and turbulence (negatively
both on regional [Bay of Biscay] and shelf scales [Aquitanian shelf]). Mackerel appeared to
benefit from warmer SSTs across most shelves and even from MHW incidence in the Armorican

shelf; upwelling also exerted a positive effect on a regional scale. Finally, horse mackerel survival
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Figure 4.5. Evolution of log-transformed age-1 recruits and spawning stock biomass (R and SSB, respectively), pre-
recruitment survival index (PRSI) and population growth rate (PGR) of -left to right- European anchovy, Atlantic
mackerel, Atlantic horse mackerel and European sardine. Shaded areas account for 95% confidence intervals of the

estimated linear trends in each case.

responded to upwelling (negatively in the Cantabrian shelf, positively in the Armorican shelf),
turbulence (positively across all regions except the Cantabrian shelf) and MHW key features

(negatively across most shelves [imax, imeanj, if N0t all [icum, D]).

On the other hand, models considering only the peak spawning period revealed that negative
association between anchovy survival and MCS i, (all shelves) and inesn (Cantabrian and
Aquitanian). The effect of warmer temperatures continued to favor mackerel survival across the
three shelves, as well as MHW incidence and maximum intensity; contrarily, MCS incidence
hampered mackerel survival in the marginal shelves. Turbulence was also a significant negative
influence on mackerel survival in the Cantabrian and Aquitanian shelves. Lastly, an overall
negative effect of MCS mean intensity on horse mackerel survival was observed on a regional

scale, but not on individual shelves.
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Table 4.6. Output summary of the linear regression models testing the impact of environmental variables on the pre-
recruitment survival index (PRSI) for European anchovy, Atlantic mackerel, Atlantic horse mackerel and European
sardine during both their full and peak spawning periods. Variables tested include Bakun Index (BI), Upwelling Index
(UI), wind turbulence (turb), sea surface temperature (SST) and key metrics of marine heatwaves (MHW) and cold-
spells (MCS): number of events (7evens), event days (n4ays), average duration (D), and intensity measures (imax, imean,
icum). Only statistically significant variables (p < 0.05) are shown, along with their region of influence: Bay of Biscay
(BoB) or the Cantabrian (Cant), Aquitanian (Aquit), and Armorican (Arm) shelves. The slope, standard error (SE) and
proportion of variance explained (R?) are shown. For variables significant in more than one region with the same slope
direction (positive/negative), only the strongest effect is presented. No significant trends were found for sardine. Full

results are available in Tables 4.A.3-10 in the Appendix.

Species Environmental variable Region(s) Slope = SE R?

FULL SPAWNING PERIOD

BI Arm -0.71+£0.23 0.32
Cant (+) 0.52+0.24 0.23

Anchovy Ul
Arm (-) -0.73 £0.22 0.34
turb BoB, Arm -0.59+£0.24 0.26
Ul BoB 0.21 +£0.09 0.41
Mackerel SST BoB, Cant, Arm 0.21+0.10 0.41
MHW nevenss Arm 0.23+£0.10 0.42
Cant (-) -0.55+0.19 0.45

BI
Arm (+) 0.48+£0.19 0.42
Ul Cant -0.54+0.19 0.45
turb BoB, Aquit 0.59+0.18 0.48

Horse mackerel

MHW inax BoB, Aquit, -0.67 £ 0.22 0.49
MHW imean BoB, Aquit, -0.61+0.21 0.48
MHW icum BoB, Cant, Aquit, Arm -0.63£0.21 0.47
MHW D BoB, Cant, Aquit, Arm -0.62£0.22 0.47

PEAK SPAWNING PERIOD

MCS imax BoB, Cant, Aquit, Arm -0.97+£0.34 0.32
Anchovy
MCS imean Cant, Aquit -0.89 £ 0.35 0.28
turb BoB, Cant, Aquit -0.24 +£0.09 0.43
SST BoB, Cant, Aquit, Arm 0.30 +0.09 0.49
MHW #nevens BoB, Cant, Aquit, Arm 0.22+0.10 0.41
Mackerel MHW #ndqys BoB, Aquit, Arm 0.21+£0.10 0.41
MHW imax Cant 0.32+0.12 0.88
MCS Hevents BoB, Cant, Arm -0.27 £0.09 0.46
MCS ndays Cant -0.22 +£0.09 0.42
Horse mackerel MCS imean BoB 0.52+0.22 0.36
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4.4. Discussion

Our findings in the Bay of Biscay align with global warming trends and demonstrate an
increase in sea surface temperatures and marine heatwave frequency and duration, as well as a
decline in marine cold-spell occurrence and key features. We also found that divergent trends in
the abundance of anchovy, sardine, mackerel and horse mackerel map to distinctive effects of

environmental variables on their early life survival.

4.4.1. Long-term trends

Environmental variables

Analyses of long-term trends in environmental variables in the Bay of Biscay provide

insights into the changing ocean dynamics across the continental shelf throughout the last decades.

Our results show no consistent trends in wind-driven upwelling and turbulence on the continental
shelf of the Bay of Biscay. Alongshore upwelling is a complex process influenced by several
factors, including wind patterns and ocean currents, which vary significantly from year to year
(Simpson & Sharples, 2012). In the Bay of Biscay, wind-driven upwelling is highly seasonal
(May-September), consisting of small-scale, short-lived events (Lavin et al., 2006). Similarly,
wind turbulence is shaped by a fluctuating interplay of meteorological, oceanographic and
topographic conditions (Simpson & Sharples, 2012). These variations may mask any underlying
long-term trends, making it difficult to identify statistically significant changes in these wind-

induced processes over time.

Warming rates across the Bay of Biscay continental shelf (~0.27°C per decade for surface waters)
align with trends reported in recent studies (~0.25°C per decade; Costoya et al., 2015; Chust et
al., 2022). Large-scale shifts in SST are identified as the primary driver behind MHWs and MCSs
(Frolicher et al., 2018; Schlegel et al., 2021), with human-induced global warming increasing the
likelihood of longer and more intense MHWSs while reducing the frequency and severity of MCSs
(Yao et al., 2022). Regional studies in the Bay of Biscay support these global trends, showing
rising MHWs and declining MCS events in terms of frequency, intensity and duration (Izquierdo
et al., 2022b; Simon et al., 2023). In the North Atlantic, MHWSs are more frequent and intense
during warmer months (Thoral et al., 2022), while MCSs primarily occur in winter, as rising
temperatures decrease the likelihood of cold extremes (Schlegel et al., 2021). In the Bay of Biscay,
these patterns are possibly enhanced by the prolonged warm season, which has reportedly
increased the frequency of extreme hot SST days in spring and autumn (Costoya et al., 2015) and

directly compromises local marine life.
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Marine fish are often adapted to narrow thermal niches (Fry, 1971) and actively seek water
temperatures that optimize their physiological performance while avoiding thermal stress (Calosi
et al., 2008). Extreme temperature events can have more immediate and severe impacts on marine
fish than long-term ocean warming, as they can quickly push SSTs beyond physiological
tolerance thresholds critical for performance (Sanz-Lazaro, 2016; Dahlke et al., 2020).
Importantly, the increasing(decreasing) frequency of extremely hot(cold) temperatures [over 3°C
above(below) spawning thermal niche] observed in this study suggests that the spawning
environment in the Bay of Biscay is becoming less suitable for the fish species examined. For
mackerel, progressive warming is already reducing the number of days with optimal SSTs for
spawning, contributing to their northward population shift (Chust et al., 2023). As MHWs are
projected to increase in frequency and intensity under future warming scenarios (Yao et al., 2022;
Simon et al., 2023), temperature-driven shifts in fish distribution and phenology in the Bay of
Biscay are becoming more likely (Asch et al., 2019; Jacox et al., 2020).

Spawning location and timing are critical for marine fish, as it is the primary strategy to ensure
offspring survival from the egg to juvenile stage and their subsequent dispersal across diverse
habitats, while minimizing predator exposure and maximizing access to food resources (Ciannelli
et al., 2015). The pelagic species in this study, which provide no parental care, rely on selecting
favorable spawning habitats to achieve reproductive success (Sargent & Gross, 1985), a choice
increasingly compromised by persistent ocean warming and increasingly frequent MHWSs. For
example, a prolonged MHW in the Gulf of Alaska (2014-2016) reduced the thermal suitability of
Pacific cod spawning grounds, resulting in low recruitment, reduced population biomass and the
eventual closure of the fishery in 2020 (Laurel & Rogers, 2020). The degradation or loss of
spawning habitats undermines their ability to support key life processes, ultimately affecting fish

population viability and health (Chust et al., 2023).

Population indices

Our analyses reveal two main scenarios regarding the correlations between R~SSB and
PRSI~PGR. The first scenario involves anchovy and mackerel, which show significant positive
correlations, with R~SSB ranging from 0.3-0.4 and PRSI~PGR from 0.6-0.95. As expected in
short lived species, recruitment contributes most variability in adult abundance, which
consequently results in PRSI strongly influencing population growth — especially in the case of
anchovy, where age-1 recruits make most of the population size (ICES, 2023a). The second
scenario involves horse mackerel, the species with the longest lifespan, in which R and SSB seem
unrelated and the correlation between PRSI and PGR is weak, and sardine, the species with the
shortest time series, which shows no significant correlations. Unaccounted factors such as adult
survival or depensatory effects may exert a stronger influence on the variability of the adult

population and overall population growth in these species.
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Anchovy populations in the Bay of Biscay have rebounded to record abundance levels following
the collapse of 2005-10 (ICES, 2023a). The absence of a significant trend in anchovy R may
relate to the recently reported decline in their size, which may have led to a decoupling between
R biomass and the actual number of recruits (Boens et al 2023; ICES, 2023a; Taboada et al.,
2024). On the other hand, the ability of mackerel to migrate and adapt to environmental changes
has contributed to its poleward expansion and increased abundance along the Atlantic European
margin (Trenkel et al., 2014; Chust et al., 2023). Although their abundance fell to levels seen in
the 1980s between 2015 and 2020, recent agreements on mackerel quotas among most Coastal
States (Northeast Atlantic Fisheries Commission) seem to have mitigated this decline (European

Commission, 2023).

The observed declines in the SSB of horse mackerel and sardine are likely influenced by increased
fishing mortality over the past decade (ICES 2023a, 2023b). At low population sizes,
compensation mechanisms -the prevalent form of regulation in marine fish populations- are
triggered to increase survival and maintain stability (Frank & Brickman, 2000). Generally,
compensation works as follows: with reduced adult abundance, increased availability of food and
habitat enhances growth and condition, which results in increased productivity through higher
fecundity and improved recruitment, hence promoting survival (Nash et al., 2009). While both
species show consistent increases in PRSI, trends in R differ. On the one hand, sardine parallels
anchovy with a declining body length and weight over recent decades (Véron et al., 2020), which
may be influencing trends in SSB and potentially masking an increase in recruit numbers —
although they do not seem to be contributing to the adult population. On the other hand, horse
mackerel increased PRSI likely emerges as a consequence of SSB decreasing at a faster pace than
R, since the latter has not attained recovery beyond the 1982- and 2002-year classes (De Oliveira
et al., 2010).

Marine fish have a strong inherent capacity to recover from low population sizes through
compensation, making them highly resilient. However, evidence of collapsed populations failing
to do so points at other mechanisms operating in these scenarios (Maroto & Moran, 2014).
Contrary to compensation, depensation reduces survival at low population sizes through
mechanisms like difficulty in finding mates, increased prey vulnerability, ongoing exploitation,
decreased foraging efficiency or genetic drift (Liermann & Hilborn, 2001; Berec et al., 2007).
Both horse mackerel and sardine populations have persistently remained below their respective
precautionary reference points in recent years (ICES, 2023a, 2023b). Although their PRSIs are
on the rise, identifying trends that may lead to population collapse is crucial for developing
effective management and conservation strategies aimed at population recovery and long-term

sustainability.
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4.4.2. PRSI variability and environmental forcing

A key factor influencing the trajectory of fish stocks is their ability to survive early life
stages and reach reproductive age. Survival is primarily determined by a combination of factors
that operate from the early stages of eggs to juvenile development (Houde, 2016). These factors
encompass mechanisms that are sensitive to population density fluctuations, such as competition
among juveniles (density-dependent regulation), and mechanisms that impact populations
regardless of their size, such as food availability, predation and environmental forcing (density-

independent regulation), being the latter mechanism the most influential (Houde, 2008).

Wind-related processes, such as alongshore upwelling and turbulence, can either support or
impede early life survival by affecting the distribution of eggs and larvae and food availability
(MacKenzie, 2000). These processes are relatively localized, exhibiting intensities and impacts
that vary across the Bay of Biscay as a response to the distinct wind patterns that generate them

in each shelf (Lavin et al., 2006).

Alongshore upwelling was a significant source of variability in the early life survival of anchovy,
mackerel and horse mackerel — though only when considering their respective full spawning
seasons. This makes sense, as coastal upwelling off the Bay of Biscay typically begins in late
spring and reaches its pinnacle during summer, outside of the peak spawning seasons for these
species (Lavin et al., 2006). At optimal levels, it can boost early life survival through increased
productivity and food availability, though enhanced offshore transport through stronger winds
might increase egg and larval mortality (Wheeler et al., 2017). In the case of the anchovy, our
findings align with literature: upwelling-favorable winds support survival in southern Bay of
Biscay through enhanced primary production (Motos et al., 1996; Allain et al., 2007; Borja et al.,
2008) but hamper over the Armorican shelf through detrimental seaward larval drift during
summer months (Taboada & Anadén, 2015). However, alternative appeals (Irigoien et al., 2007)
call for further research to clarify the anchovy recruitment process in the Bay. As for mackerel,
significance of upwelling effects was observed only on a broad scale, likely due to the uniformity
of upwelling conditions when averaged across the Bay — an observation supported by prior
research suggesting that upwelling has minimal impact on mackerel recruitment variability in the
Bay of Biscay (Borja et al., 2002). The peak spawning of mackerel in April occurs before coastal
upwelling begins in late May (Lavin et al., 2006), which results in a calm environment that
supports early larval development without significant offshore transport (Borja et al., 2002).
Lastly, the contrasting responses of horse mackerel to upwelling may stem from their egg and
larval distribution over the shelf break (Ibaibarriaga et al., 2007). On the one hand, upwelling in
the Cantabrian shelf might lead to egg and larval drift towards less favorable conditions in the
open sea due to its narrowness. On the other hand, upwelling in the Armorican shelf may reduce

the extent of the ‘cold poo!’, a cold water mass that holds temperatures close to the lower thermal
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threshold of horse mackerel (Pipe & Walker, 1987; Puillat et al., 2004), thus favoring early
survival by raising temperatures and enhancing nutrient availability. However, further research is

required to fully understand these mechanisms.

Turbulence mostly acts modulating encounter rates between predatory larvae and zooplankton
prey, enhancing or hampering effective feeding (MacKenzie, 2000). Both anchovy and horse
mackerel are sensitive to turbulence throughout their entire spawning seasons but not during their
peak in May-June, when milder summer conditions may not generate the same intensity of water
movement. The negative impact of turbulence on anchovy survival in the Armorican shelf may
be linked to reduced food availability for larvae due to strong tidal currents (Puillat et al., 2004;
Borja et al., 2008). Although we found no prior studies addressing the positive influence of
turbulence on horse mackerel early life stages in the Bay of Biscay, it may be associated with
increased dispersal to favorable areas and enhanced nutrient mixing (MacKenzie, 2000).
Contrarily to these two species, mackerel survival is negatively affected by turbulence only in
their peak spawning month, April. Borja et al. (2002) also found that turbulence does not impact
mackerel survival throughout their spawning season, but they noted that strong turbulence in
April—when spring transitions and interannual weather variability are pronounced—can

significantly affect recruitment, which may explain our findings.

Temperature plays a fundamental role in shaping the ecological performance and survival of
marine fishes by triggering physiological processes that are crucial for metabolism and
development, especially for spawners and early life stages (Seibel & Drazen, 2007; Dahlke et al.,
2020). Rising SSTs and increased MHW frequency and duration in the Bay of Biscay depict a
changing scenario to which fish populations will respond according to their respective dynamics
and life strategies. Here, we find that extreme temperature events, both MHWs and MCSs,
primarily impact the early life survival of anchovy, mackerel and horse mackerel in their peak

spawning periods.

According to Motos et al. (1996), anchovy reduce their spawning activity when the SST warming
rate declines, and it ceases altogether when it becomes neutral or negative — which can explain
the negative impact MCS intensity observed across all regions during their peak spawning season.
As for mackerel and horse mackerel, temperature strongly influences spawning phenology,
embryo development, and larval growth (Pipe & Walker, 1987; Abaunza et al., 2003; Mendiola
et al., 2007; Rodriguez-Basalo et al., 2022). Despite their comparable spawning thermal ranges
(Table 4.1), we acknowledge contrasting effects of temperature (either as SSTs or MHWSs) on
their survival. During their peak spawning period in April, mackerel seems to benefit from
warmer SSTs and MHWs in all continental shelves; however, in the Aquitanian shelf, which
experiences higher temperatures (Costoya et al., 2015; Izquierdo et al., 2022b), this effect fades

when considering the full spawning season. This can be explained by considering that in April,
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when conditions are cooler, MHWs may rise SSTs to optimal levels for mackerel spawning — but
by early summer they may push SSTs beyond their niche, which possibly cancels their positive
effect for the full spawning season in this shelf. Also in April, MCS incidence negatively affects
mackerel survival in the Cantabrian and Armorican shelves but not in the Aquitanian shelf, where
warmer conditions are likely to buffer their impact. As for horse mackerel, almost all MHW key
features are detrimental on survival during their full spawning season across all shelves, especially
in the Aquitanian, but not when they reach peak activity in May and June. This overall negative
effect throughout the full season may arise from summer months, when MHWs are more frequent
and intense (Thoral et al., 2022), but during early summer their influence might not be as relevant
since horse mackerel has a relatively warm thermal range (13-17°C). Importantly, the positive
effect of MCS on horse mackerel survival for the entire Bay highlights a regional benefit that may
not translate to specific shelves due to variations in local conditions. These findings, along with
the increased occurrence of extremely hot SSTs (Fig. 4.4, Table 4.3), raises the risk of ocean
temperatures exceeding critical metabolic, growth and reproductive thresholds that may

compromise the survival of these fish populations (Jergensen et al., 2022).

The absence of significant effects of environmental forcing on sardine early life survival may be
attributed to factors such as its split spawning season, which occurs at two different times of the
year, or the limited length of its data series (<20 years). Nevertheless, these observations highlight
important areas where our approach could be refined by addressing several key considerations.
On the one hand, while early life forms are the most vulnerable to environmental fluctuations,
juveniles also represent an important stage where these changes can significantly impact survival,
hence potentially contributing to overall variability in population dynamics. On the other hand,
several aspects could be obscuring the observed effects of environmental forcing on survival.
Complex interactions between environmental variables may mask joint influences - although
addressing this would require longer time series or mechanistic models to avoid overfitting and
bias. Factors beyond the scope of this study could also be playing a part. For example, the timing
of the spring bloom of phytoplankton determines food availability during the critical period of
larval development (Platt et al., 2003; Taboada & Anadon, 2015), modes of climate variability
can prompt the occurrence of warmer temperatures and marine heatwaves (Holbrook et al., 2019;
Izquierdo et al., 2022a) and fishing pressure can deplete adult abundance and lead to diminished
recruitment (Houde, 2008). Lastly, while our model includes a linear effect with SSB to address
its negative correlation with PRSI (as per the Ricker spawner-recruit model), it does not fully
capture the complexity of density-dependent mechanisms, which may affect survival beyond
environmental forces. While we acknowledge the limitations of our approach, this study provides
reasonable evidence of environmental processes affecting the early life survival of anchovy,

mackerel and horse mackerel in the Bay of Biscay. Our findings provide a valuable foundation
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4.4. Discussion

for understanding species-specific responses to the environment, reinforcing the importance of

continued research to build on these insights.

Future projections point at different scenarios for anchovy, mackerel, horse mackerel and sardine
fisheries in the Bay of Biscay under global warming. Rising ocean temperatures are inducing
favorable feeding and spawning conditions in higher latitudes, which is leading to an earlier
spawning of horse mackerel, as well as a poleward expansion of anchovy and mackerel (Chust et
al., 2023; Petitgas et al., 2012; Erauskin-Extramiana et al., 2019). This expansion towards
previously unoccupied areas suggests the latter species may be establishing in new habitats and
undergoing significant changes in recruitment dynamics, which highlights the importance of
examining the influence of environmental forcing in other parts of their distribution. Although
these shifts could imply the potential emergence of new fishery opportunities, they may also
decrease the likelihood of these species occurring in southern latitudes, as it has been predicted
for anchovy for all regions located under 48°N (Raybaud et al., 2017), thus affecting the Bay of
Biscay. As for sardine, forecasts under different ocean warming scenarios point towards an

ongoing decrease in SSB, irrespective of fishing pressure (Torralba & Besada, 2015).

Altogether, our observations align with the former predictions and hint at potential changes in
small pelagic fisheries in the Bay of Biscay, particularly in a context of global climate change.
Global warming is reshaping ocean dynamics around the world, and the upcoming increase in
MHW frequency and severity worldwide is expected to contribute to amplified impacts on
fisheries and fish populations. Understanding how fish populations respond to shifts in ocean
conditions remains a persistent challenge that, in the current context of global climate change,
leads to increased uncertainty on the sustained viability of marine food webs and the local
fisheries that rely on them. This study aims to shed light on fluctuating fish populations amidst a
changing ocean and calls for a continuous and vigilant management to secure their robust and

sustainable development over the long term.
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4.A. Supporting figures and tables
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Figure 4.A.1. FAO Major Fishing Area 27 (Northeast Atlantic). Each map highlights the geographical coverage of the
FAO subareas encompassing the ICES stocks selected for each individual species: European anchovy (top left; stock
ane.27.8), Atlantic mackerel (bottom left; stock mac.27.nea), Atlantic horse mackerel (bottom right; stock
hom.27.2a4a5b6a7a-ce-k8) and European sardine (top right; stock  pil 27.8abd). See
https://www.fao.org/fishery/en/area/27/en for further information on the subareas within the FAO Major Fishing Area
27.
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Figure 4.A.2. Average sea surface temperatures per decade along the continental shelf of the Bay of Biscay within

1983-2022. Each grid represents a 0.25° pixel (n = 240). Sea surface temperatures were averaged for entire years (1%

row) as well as for the specific spawning seasons of different species (2", 3' and 4" rows).
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Figure 4.A.3. Average decadal number of marine heatwave (MHW) days detected along the continental shelf of the

Bay of Biscay within 1983-2022. Each grid represents a 0.25° pixel (n = 240). The number of MHW days were averaged

for entire years (1% row) as well as for the specific spawning seasons of different species (2", 3™ and 4 rows).
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Figure 4.A.4. Average decadal number of marine cold-spell (MCS) days detected along the continental shelf of the Bay
of Biscay within 1983-2022. Each grid represents a 0.25° pixel (n = 240). The number of MCS days were averaged for

entire years (1% row) as well as for the specific spawning seasons of different species (2", 3™ and 4 rows).
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Figure 4.A.5. Progression of the number of marine heatwave (MHW) and marine cold-spell (MCS) days per decade
detected along the continental shelf of the Bay of Biscay within 1983-2022. The number of MHW and MCS days were

averaged for entire years (top left) as well as for the specific spawning seasons of different species (rest of the plots).

Each line -for each color- corresponds to one of the 240 pixels examined. Numeric values indicate the average number

of MHW and MCS days, respectively, for the entire Bay.
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Figure 4.A.6. Decadal trends in the occurrence of optimal and non-optimal sea surface temperatures in the continental

shelf of the Bay of Biscay within 1983-2022

categorized according to their proximity to the spawning thermal niche
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of the European anchovy.
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Figure 4.A.7. Decadal trends in the occurrence of optimal and non-optimal sea surface temperatures in the continental

shelf of the Bay of Biscay within 1983-2022
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Figure 4.A.8. Decadal trends in the occurrence of optimal and non-optimal sea surface temperatures in the continental

shelf of the Bay of Biscay within 1983
of the Atlantic horse mackerel.
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Figure 4.A.9. Decadal trends in the occurrence of optimal and non-optimal sea surface temperatures in the continental

shelf of the Bay of Biscay within 1983-2022
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Table 4.A.1. Categorization of sea surface temperatures based on their proximity to the respective spawning thermal

niches of European anchovy, Atlantic mackerel, Atlantic horse mackerel, and European sardine.

Sea surface temperature conditions Category

Over 3°C over niche Extremely hot

From 1.5 to 3°C over niche Very hot

Up to 1.5°C over niche Hot
Cwithinniche optimal
Upto LSCbelowniche Cod

From 1.5 to 3°C below niche Very cold

Over 3°C below niche Extremely cold
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Table 4.A.2. Output summary of the GAM model testing the impact of environmental variables on the pre-recruitment
survival index (PRSI) for European anchovy, Atlantic mackerel, Atlantic horse mackerel and European sardine during
both their full and peak spawning periods. Variables tested include Bakun Index (BI), Upwelling Index (UI), wind
turbulence (turb), sea surface temperature (SST) and key metrics of marine heatwaves (MHW) and cold-spells (MCS):
number of events (Mevens), event days (74ays), average duration (D), and intensity measures (imax, Imeans icum). Only
statistically significant variables (p < 0.05) are shown, along with their region of influence: Bay of Biscay (BoB) or the
Cantabrian (Cant), Aquitanian (Aquit), and Armorican (Arm) shelves. The slope, standard error (SE) and proportion
of variance explained (R?) are shown. For variables significant in more than one region with the same slope direction

(positive/negative), only the strongest effect is presented. No significant trends were found for sardine.

Species Environmental variable Region(s) Slope = SE R?

FULL SPAWNING PERIOD

BI Arm -1.28 £0.39 0.30
Cant (+) 0.76 £0.35 0.18

Anchovy Ul
Arm (-) -1.81+0.55 0.29
turb BoB, Arm -0.01 £0.00 0.17
Ul BoB 1.13+£0.50 0.38
Mackerel SST BoB, Cant, Arm 0.22+0.10 0.38
MHW nevenss Arm 0.12+0.05 0.39
Cant (-) -0.33+0.11 0.42

BI
Arm (+) 0.82+0.34 0.39
Ul Cant -0.77 £0.27 0.42
turb BoB, Aquit 0.01 £0.00 0.39

Horse mackerel

MHW inax BoB, Aquit, -0.86 + 0.28 0.46
MHW imean BoB, Aquit, -1.83+£0.62 0.44
MHW icum BoB, Cant, Aquit, Arm -0.03 £0.01 0.44
MHW D BoB, Cant, Aquit, Arm -0.06 =0.02 0.41

PEAK SPAWNING PERIOD

MCS imax BoB, Cant, Aquit, Arm -1.74 £0.62 0.66
Anchovy
MCS imean Cant, Aquit -3.28+1.30 0.64
turb BoB, Cant, Aquit 0.00 £ 0.00 0.43
SST BoB, Cant, Aquit, Arm 0.28 +0.08 0.49
MHW #events BoB, Cant, Aquit, Arm 0.01 +£0.01 0.41
Mackerel MHW #ndqys BoB, Aquit, Arm 0.21+£0.10 0.04
MHW imax Cant 0.56 £0.21 0.98
MCS Hevents BoB, Cant, Arm -0.42+£0.14 0.46
MCS ndays Cant -0.02 £ 0.01 0.42
Horse mackerel MCS imean BoB 1.51+0.64 0.53
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Table 4.A.3. Output summary of the linear regression models testing the influence of environmental variables on the
pre-recruitment survival index (PRSI) of the European anchovy (Engraulis encrasicolus) during its full spawning
season. The model follows the formula PRSI = By + 31SSB + B,X, where SSB stands for spawning stock biomass and
X represents the variable of choice. The model was computed for the entire Bay of Biscay, as well as for each of the
three continental shelves: Cantabrian, Aquitanian and Armorican. The tested variables include Bakun Index (BI),
Upwelling Index (Ul), wind turbulence (furb) and sea surface temperature (SST), as well as marine heatwave (MHW)
and marine cold-spell (MCS) total count of events (#evenss) and event days (n4qs) per year, average duration (D) and
maximum, mean and cumulative intensity (émax, imean, icum). Note that the three latter take negative values. The slope,
standard error (SE), p-value and proportion of variance explained (R?) are shown. Significant effects (p-value < 0.05)
are highlighted in bold.

EUROPEAN ANCHOVY - FULL SPAWNING SEASON

Non-extreme Marine heatwaves Marine cold-spells

BI Ul turb SST Hevents Ndays imax imean Teum D Revenss Ndays Imax imean Teum D

Bay of Biscay

Slope -0.31 -045  -0.51 0.23 0.26 0.2 0.03 -0.14 0.02 0.08 -026  -0.11 -0.15  -0.17  -0.06  -0.01
SE 0.25 0.25 0.24 0.26 0.26 0.26 0.27 0.26 0.27 0.27 0.26 0.26 0.27 0.27 0.28 0.28
p-value 0.22 0.08 0.04 0.40 0.31 0.45 0.91 0.60 0.93 0.76 0.32 0.66 0.57 0.54 0.82 0.97

R? 0.16 0.20 0.22 0.14 0.15 0.13 0.10 0.11 0.10 0.10 0.14 0.12 0.13 0.14 0.13 0.12

Cantabrian shelf

Slope 0.42 0.52 -0.01 0.16 0.24 0.19 -0.11 -0.11 0.02 0.06 0.01 0.04 -043 050 -0.28 0.23
SE 0.25 0.24 0.26 0.26 0.26 0.26 0.28 0.28 0.28 0.28 0.26 0.26 0.30 0.30 0.30 0.31
p-value 0.10 0.04 0.96 0.54 0.36 0.48 0.71 0.69 0.94 0.83 0.97 0.87 0.16 0.11 0.36 0.47

R? 0.19 0.23 0.12 0.13 0.14 0.13 0.11 0.12 0.11 0.11 0.12 0.12 0.16 0.18 0.12 0.11

Aquitanian shelf

Slope -0.18  -0.11 -0.39 0.21 0.27 0.17 0.11 0.04 0.01 0.03 -0.23  -0.01 -049 053 -031 0.22
SE 0.27 0.26 0.25 0.26 0.25 0.26 0.27 0.27 0.29 0.29 0.26 0.26 0.27 0.27 0.29 0.29
p-value 0.50 0.70 0.13 0.42 0.29 0.52 0.70 0.87 0.98 0.91 0.39 0.96 0.09 0.06 0.29 0.45

R? 0.13 0.12 0.18 0.13 0.15 0.13 0.13 0.13 0.13 0.13 0.14 0.12 0.19 0.21 0.13 0.12

Armorican shelf

Slope -0.71  -0.73  -0.59 0.25 0.26 0.22 -0.06  -027  -0.01 0.07 -035 -0.24 0.04 0.03 0.28 -0.28
SE 0.23 0.22 0.24 0.26 0.25 0.26 0.27 0.26 0.27 0.27 0.25 0.26 0.28 0.28 0.28 0.28
p-value 0.00 0.00 0.02 0.34 0.32 0.39 0.82 0.31 0.97 0.79 0.18 0.35 0.89 0.92 0.33 0.33

R? 0.32 0.34 0.26 0.14 0.14 0.14 0.10 0.13 0.10 0.10 0.17 0.14 0.14 0.14 0.16 0.16
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Table 4.A.4. Output summary of the linear regression model testing the influence of environmental variables on the
pre-recruitment survival index (PRSI) of the Atlantic mackerel (Scomber scombrus) during its full spawning season.

Structure and attributes as in Table 4.A.3.

ATLANTIC MACKEREL - FULL SPAWNING SEASON

Non-extreme Marine heatwaves Marine cold-spells

BI Ul turb SST Hevents Ndays imax imean Teum D Revenss Ndays Imax imean Teum D

Bay of Biscay

Slope 0.13 0.21 0.07 0.20 0.19 0.17 0.06 0.00 0.13 0.15 -0.16  -0.10 0.06 -0.03 0.05 -0.06
SE 0.10 0.09 0.10 0.10 0.10 0.10 0.11 0.11 0.11 0.11 0.10 0.10 0.11 0.11 0.11 0.11
p-value 0.19 0.03 0.51 0.04 0.06 0.10 0.56 0.97 0.23 0.18 0.11 0.30 0.62 0.78 0.65 0.56

R? 0.36 0.41 0.34 0.40 0.39 0.38 0.36 0.35 0.38 0.38 0.38 0.35 0.32 0.32 0.32 0.33

Cantabrian shelf

Slope 0.04 0.05 -0.01 0.21 0.15 0.17 0.10 0.05 0.17 0.15 -0.16  -0.08 0.17 0.16 0.06 -0.05
SE 0.10 0.10 0.10 0.10 0.10 0.10 0.13 0.13 0.12 0.13 0.10 0.10 0.12 0.12 0.12 0.12
p-value 0.71 0.61 0.92 0.03 0.14 0.10 0.43 0.68 0.19 0.23 0.11 0.41 0.17 0.19 0.63 0.68

R? 0.33 0.34 0.33 0.41 0.37 0.38 0.39 0.38 0.41 0.40 0.38 0.34 0.26 0.26 0.22 0.21

Aquitanian shelf

Slope -0.07 0.04 -0.03 0.19 0.15 0.13 0.07 0.01 0.09 0.09 -0.14  -0.08 0.07 -0.02 0.06 -0.07
SE 0.10 0.10 0.10 0.10 0.10 0.10 0.11 0.11 0.11 0.11 0.10 0.10 0.12 0.13 0.12 0.12
p-value 0.50 0.67 0.77 0.06 0.14 0.20 0.55 0.94 0.44 0.44 0.17 0.43 0.56 0.88 0.62 0.55

R? 0.34 0.33 0.33 0.39 0.37 0.36 0.38 0.38 0.39 0.39 0.36 0.34 0.31 0.31 0.31 0.31

Armorican shelf

Slope 0.10 0.16 0.12 0.21 0.23 0.19 -0.02  -0.07 0.10 0.13 -0.16  -0.12 0.02 -0.08 0.04 -0.06
SE 0.10 0.10 0.10 0.10 0.10 0.10 0.11 0.11 0.11 0.11 0.10 0.10 0.12 0.11 0.11 0.11
p-value 0.32 0.11 0.23 0.04 0.02 0.07 0.89 0.52 0.36 0.23 0.10 0.22 0.87 0.52 0.73 0.58

R? 0.35 0.37 0.36 0.41 0.42 0.39 0.34 0.35 0.36 0.37 0.38 0.36 0.31 0.32 0.31 0.32
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Table 4.A.5. Output summary of the linear regression model testing the influence of environmental variables on the
pre-recruitment survival index (PRSI) of the Atlantic horse mackerel (Trachurus trachurus) during its full spawning

season. Structure and attributes as in Table 4.A.3.

ATLANTIC HORSE MACKEREL - FULL SPAWNING SEASON

Non-extreme Marine heatwaves Marine cold-spells

BI Ul turb SST Hevents Ndays imax imean Teum D Revenss Ndays Imax imean Teum D

Bay of Biscay

Slope -0.15  -0.03 0.48 -0.07 : -028 -038 -0.54 -044 -0.63 -0.62 : -0.08 -0.13 0.24 0.30 0.33 -0.27
SE 0.22 0.22 0.19 0.27 0.24 0.23 0.22 0.21 0.21 0.22 0.27 0.26 0.21 0.21 0.24 0.25
p-value 0.51 0.91 0.02 0.80 0.24 0.11 0.02 0.04 0.01 0.01 0.76 0.62 0.27 0.16 0.18 0.28

R? 0.33 0.32 0.43 0.33 0.35 0.37 0.44 0.41 0.47 0.47 0.33 0.33 0.34 0.35 0.35 0.34

Cantabrian shelf

Slope -0.55  -0.54 0.33 -020 i -030 -0.40 -024 -0.16 -0.60 -0.60 0.03 0.08 0.18 0.22 0.06 -0.02
SE 0.19 0.19 0.20 0.26 0.24 0.22 0.24 0.24 0.22 0.22 0.26 0.24 0.24 0.24 0.26 0.26
p-value 0.01 0.01 0.10 0.46 0.22 0.08 0.33 0.52 0.01 0.01 0.92 0.73 0.45 0.35 0.82 0.93

R? 0.45 0.45 0.37 0.33 0.35 0.38 0.33 0.31 0.45 0.45 0.32 0.33 0.28 0.29 0.27 0.27

Aquitanian shelf

Slope 0.05 0.01 0.59 -0.07 §{ -025  -037 -0.67 -0.61 -0.60 -0.55 0.00 -0.12 0.25 0.37 0.32 -0.25
SE 0.21 0.21 0.18 0.26 0.23 0.23 0.22 0.21 0.23 0.23 0.27 0.25 0.23 0.22 0.24 0.25
p-value 0.79 0.94 0.00 0.80 0.28 0.11 0.00 0.01 0.01 0.02 0.99 0.65 0.28 0.11 0.20 0.33

R? 0.33 0.32 0.48 0.33 0.35 0.37 0.49 0.48 0.46 0.43 0.32 0.33 0.32 0.35 0.33 0.31

Armorican shelf

Slope 0.48 0.34 0.40 -0.02 : -028 -034 -040 -034 -0.53 -0.54 : -0.16 -0.20 0.32 0.22 0.38 -0.34
SE 0.19 0.20 0.20 0.26 0.23 0.23 0.22 0.22 0.22 0.22 0.25 0.25 0.22 0.22 0.24 0.25
p-value 0.02 0.12 0.05 0.95 0.24 0.14 0.08 0.13 0.02 0.02 0.53 0.43 0.16 0.32 0.13 0.18

R? 0.42 0.37 0.39 0.32 0.35 0.36 0.38 0.37 0.42 0.43 0.33 0.34 0.35 0.33 0.36 0.35
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Table 4.A.6. Output summary of the linear regression model testing the influence of environmental variables on the
pre-recruitment survival index (PRSI) of the European sardine (Sardina pilchardus) during its full spawning season.

Structure and attributes as in Table 4.A.3.

EUROPEAN SARDINE - FULL SPAWNING SEASON

Non-extreme Marine heatwaves Marine cold-spells

BI Ul turb SST Hevents Ndays imax imean Teum D Revenss Ndays Imax imean Teum D

Bay of Biscay

Slope -022 -022 -0.03 -0.03 : -0.14  -0.09 0.13 0.15 0.06 0.02 0.12 0.10 -0.08 0.00 -0.25 0.24
SE 0.18 0.19 0.20 0.20 0.19 0.19 0.19 0.19 0.19 0.19 0.19 0.19 0.21 0.20 0.19 0.19
p-value 0.24 0.26 0.90 0.89 0.49 0.64 0.50 0.43 0.77 0.93 0.54 0.61 0.72 0.98 0.22 0.23

R? 0.60 0.59 0.56 0.56 0.57 0.57 0.57 0.58 0.56 0.56 0.57 0.57 0.56 0.55 0.60 0.59

Cantabrian shelf

Slope -0.11 -0.19  -0.04 -0.14 i -0.19 -0.22 0.03 0.01 -0.09  -0.15 0.13 0.07 -022 -0.17 -0.33 0.26
SE 0.20 0.20 0.19 0.20 0.19 0.19 0.20 0.21 0.21 0.21 0.19 0.19 0.23 0.23 0.21 0.23
p-value 0.58 0.36 0.86 0.48 0.35 0.28 0.88 0.96 0.68 0.49 0.50 0.71 0.35 0.49 0.15 0.27

R? 0.57 0.58 0.56 0.57 0.58 0.59 0.53 0.53 0.53 0.54 0.57 0.56 0.63 0.62 0.67 0.64

Aquitanian shelf

Slope -022 030 0.01 -0.05 § -0.14  -0.11 0.07 0.09 -0.01 -0.04 0.09 0.11 -024  -0.17  -0.32 0.29
SE 0.19 0.18 0.20 0.20 0.19 0.19 0.20 0.20 0.19 0.19 0.19 0.19 0.22 0.22 0.20 0.20
p-value 0.28 0.12 0.96 0.81 0.49 0.59 0.72 0.66 0.97 0.83 0.64 0.58 0.29 0.46 0.12 0.17

R? 0.59 0.62 0.56 0.56 0.57 0.57 0.56 0.57 0.56 0.56 0.57 0.57 0.57 0.55 0.61 0.59

Armorican shelf

Slope -0.11 -0.11 -0.04 0.05 -0.10  -0.02 0.15 0.18 0.13 0.11 0.13 0.10 0.20 0.31 -0.03 0.10
SE 0.20 0.19 0.19 0.20 0.19 0.19 0.19 0.19 0.19 0.19 0.19 0.19 0.21 0.19 0.22 0.21
p-value 0.60 0.58 0.84 0.82 0.60 0.91 0.43 0.34 0.50 0.58 0.50 0.63 0.36 0.14 0.91 0.65

R? 0.57 0.57 0.56 0.56 0.57 0.56 0.58 0.59 0.57 0.57 0.57 0.57 0.62 0.66 0.58 0.59
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Table 4.A.7. Output summary of the linear regression model testing the influence of environmental variables on the
pre-recruitment survival index (PRSI) of the European anchovy (Engraulis encrasicolus) during its peak spawning

season. Structure and attributes as in Table 4.A.3.

EUROPEAN ANCHOVY - PEAK SPAWNING SEASON

Non-extreme Marine heatwaves Marine cold-spells

BI Ul turb SST Hevents Ndays imax imean Teum D Revenss Ndays Imax imean Teum D

Bay of Biscay

Slope -037  -024  -0.02 -0.12 0.11 0.07 0.09 -0.06 0.06 0.06 0.01 0.10 -0.63 -0.55 -0.51 0.44
SE 0.25 0.26 0.26 0.26 0.26 0.26 0.30 0.30 0.30 0.30 0.26 0.26 0.30 0.30 0.34 0.35
p-value 0.15 0.35 0.95 0.65 0.68 0.78 0.77 0.84 0.84 0.84 0.97 0.69 0.05 0.08 0.15 0.23

R? 0.17 0.14 0.12 0.12 0.12 0.12 0.09 0.08 0.08 0.08 0.12 0.12 0.20 0.17 0.13 0.11

Cantabrian shelf

Slope 0.02 0.36 0.30 -0.05 0.07 0.04 0.02 -0.01 -0.03  -0.07 0.13 0.16 -0.97 -0.89 -0.57 0.50
SE 0.26 0.25 0.26 0.26 0.26 0.26 0.32 0.32 0.32 0.32 0.26 0.26 0.34 0.35 0.39 0.40
p-value 0.93 0.16 0.25 0.85 0.78 0.86 0.94 0.98 0.92 0.84 0.61 0.53 0.01 0.02 0.17 0.23

R? 0.12 0.17 0.15 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.13 0.32 0.28 0.12 0.09

Aquitanian shelf

Slope -0.17  -0.31 0.11 -0.13 0.13 0.13 0.23 0.24 0.14 0.13 0.03 0.14 -0.82 -0.81 -0.69 0.64
SE 0.26 0.26 0.26 0.26 0.26 0.26 0.33 0.33 0.34 0.34 0.26 0.26 0.31 0.31 0.37 0.38
p-value 0.52 0.24 0.66 0.62 0.61 0.63 0.49 0.47 0.68 0.71 0.89 0.61 0.01 0.01 0.07 0.12

R* 0.13 0.15 0.12 0.12 0.12 0.12 0.14 0.14 0.13 0.12 0.12 0.12 0.28 0.28 0.18 0.15

Armorican shelf

Slope -039  -038 -0.14 -0.13 0.09 0.03 0.05 -0.12 0.04 0.05 -0.05 0.05 -0.67 -0.63 -0.49 0.39
SE 0.25 0.25 0.26 0.26 0.26 0.26 0.30 0.31 0.31 0.31 0.26 0.26 0.32 0.32 0.37 0.38
p-value 0.12 0.13 0.58 0.63 0.72 0.91 0.87 0.71 0.90 0.88 0.84 0.85 0.05 0.06 0.20 0.32

R? 0.18 0.18 0.13 0.12 0.12 0.12 0.08 0.09 0.08 0.08 0.12 0.12 0.22 0.21 0.13 0.11
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Table 4.A.8. Output summary of the linear regression model testing the influence of environmental variables on the
pre-recruitment survival index (PRSI) of the Atlantic mackerel (Scomber scombrus) during its peak spawning season.

Structure and attributes as in Table 4.A.3.

ATLANTIC MACKEREL - PEAK SPAWNING SEASON

Non-extreme Marine heatwaves Marine cold-spells

BI Ul turb SST Hevents Ndays imax imean Teum D Revenss Ndays Imax imean Teum D

Bay of Biscay

Slope 0.12 -0.16  -0.21 0.28 0.22 0.21 0.10 0.04 0.13 0.12 -0.22  -0.16 0.09 0.05 0.08 -0.09
SE 0.10 0.10 0.10 0.09 0.10 0.10 0.15 0.16 0.15 0.16 0.09 0.10 0.16 0.17 0.16 0.16
p-value 0.23 0.09 0.04 0.00 0.03 0.03 0.51 0.82 0.41 0.45 0.02 0.11 0.58 0.78 0.62 0.59

R? 0.36 0.38 0.41 0.47 0.41 0.41 0.64 0.63 0.65 0.64 0.42 0.38 0.32 0.31 0.32 0.32

Cantabrian shelf

Slope 0.09 -0.05  -0.24 0.30 0.21 0.20 0.32 0.18 0.23 0.21 -0.27  -0.22 0.11 0.06 0.11 -0.13
SE 0.10 0.10 0.09 0.09 0.10 0.10 0.12 0.15 0.14 0.14 0.09 0.09 0.14 0.14 0.14 0.14
p-value 0.36 0.61 0.02 0.00 0.05 0.05 0.04 0.28 0.15 0.20 0.01 0.02 0.44 0.68 0.44 0.37

R? 0.35 0.34 0.43 0.49 0.40 0.40 0.88 0.79 0.82 0.80 0.46 0.42 0.33 0.31 0.34 0.35

Aquitanian shelf

Slope 0.00 -0.13  -0.22 0.28 0.22 0.21 0.21 0.22 0.23 0.23 -0.19  -0.13  -0.02 -0.04 0.05 -0.05
SE 0.10 0.10 0.10 0.09 0.10 0.10 0.15 0.15 0.15 0.15 0.09 0.10 0.19 0.19 0.19 0.19
p-value 0.98 0.19 0.03 0.01 0.04 0.04 0.19 0.18 0.17 0.17 0.05 0.20 0.92 0.85 0.80 0.81

R? 0.33 0.36 0.41 0.46 0.40 0.41 0.71 0.71 0.72 0.72 0.39 0.36 0.25 0.26 0.26 0.26

Armorican shelf

Slope -0.02  -0.08 -0.17 0.27 0.22 0.20 0.08 0.01 0.12 0.12 -022  -0.15 0.18 0.18 0.07 -0.08
SE 0.10 0.10 0.10 0.09 0.10 0.10 0.16 0.16 0.16 0.16 0.09 0.10 0.15 0.15 0.15 0.15
p-value 0.83 0.40 0.08 0.01 0.03 0.04 0.63 0.95 0.45 0.47 0.02 0.11 0.27 0.25 0.66 0.62

R? 0.33 0.34 0.38 0.46 0.41 0.40 0.60 0.59 0.61 0.61 0.42 0.37 0.31 0.32 0.25 0.25
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Table 4.A.9. Output summary of the linear regression model testing the influence of environmental variables on the
pre-recruitment survival index (PRSI) of the Atlantic horse mackerel (Trachurus trachurus) during its peak spawning

season. Structure and attributes as in Table 4.A.3.

ATLANTIC HORSE MACKEREL - PEAK SPAWNING SEASON

Non-extreme Marine heatwaves Marine cold-spells

BI Ul turb SST Hevents Ndays imax imean Teum D Revenss Ndays Imax imean Teum D

Bay of Biscay

Slope -0.13  -029  -0.14 0.00 -0.02 0.05 -0.02  -0.04 0.00 -0.02 : 022  -0.25 0.45 0.52 0.38 -0.33
SE 0.21 0.20 0.21 0.24 0.22 0.22 0.26 0.25 0.26 0.26 0.22 0.22 0.23 0.22 0.24 0.25
p-value 0.54 0.16 0.51 0.99 0.94 0.83 0.94 0.89 0.99 0.93 0.34 0.25 0.07 0.03 0.13 0.19

R? 0.33 0.36 0.33 0.32 0.32 0.33 0.35 0.35 0.35 0.35 0.34 0.35 0.32 0.36 0.30 0.28

Cantabrian shelf

Slope 0.06 -0.17  -0.15  -0.12 ¢ -0.09  -0.01 0.09 0.06 -0.02  -0.03 0.05 -0.14 0.49 0.50 0.42 -0.36
SE 0.21 0.21 0.22 0.24 0.22 0.22 0.29 0.29 0.29 0.29 0.23 0.21 0.25 0.25 0.26 0.26
p-value 0.79 0.42 0.51 0.60 0.69 0.96 0.77 0.84 0.94 0.91 0.81 0.50 0.06 0.06 0.12 0.18

R? 0.33 0.34 0.33 0.33 0.33 0.32 0.28 0.28 0.28 0.28 0.33 0.33 0.38 0.38 0.35 0.33

Aquitanian shelf

Slope -0.06 0.01 0.01 -0.02 0.00 0.03 -0.2 -0.26 0.00 0.01 -0.16  -0.26 0.40 0.44 0.47 -0.46
SE 0.21 0.21 0.21 0.24 0.22 0.22 0.29 0.28 0.29 0.28 0.22 0.22 0.25 0.25 0.25 0.26
p-value 0.78 0.95 0.96 0.92 1.00 0.88 0.50 0.36 0.99 0.99 0.47 0.24 0.12 0.09 0.07 0.09

R? 0.33 0.32 0.32 0.32 0.32 0.32 0.34 0.35 0.33 0.33 0.33 0.35 0.31 0.33 0.33 0.33

Armorican shelf

Slope -020  -0.23 -0.2 0.07 0.00 0.08 0.09 0.13 0.01 -0.08 : -0.31 -0.27 0.44 0.49 0.36 -0.30
SE 0.21 0.21 0.21 0.24 0.23 0.22 0.27 0.26 0.27 0.27 0.22 0.22 0.24 0.24 0.25 0.25
p-value 0.35 0.27 0.33 0.78 0.99 0.71 0.74 0.61 0.98 0.77 0.17 0.21 0.08 0.06 0.15 0.24

R? 0.34 0.35 0.34 0.33 0.32 0.33 0.33 0.33 0.33 0.33 0.36 0.35 0.21 0.24 0.18 0.16
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Table 4.A.10. Output summary of the linear regression model testing the influence of environmental variables on the
pre-recruitment survival index (PRSI) of the European sardine (Sardina pilchardus) during its peak spawning season.

Structure and attributes as in Table 4.A.3.

EUROPEAN SARDINE - PEAK SPAWNING SEASON

Non-extreme Marine heatwaves Marine cold-spells

BI Ul turb SST Hevents Ndays imax imean Teum D Revenss Ndays Imax imean Teum D

Bay of Biscay

Slope -0.22 -0.04 0.23 -0.01 0.00 0.07 0.12 0.05 0.15 0.14 0.34 0.30 0.08 0.08 -0.23 0.28
SE 0.18 0.19 0.18 0.20 0.20 0.19 0.19 0.20 0.19 0.19 0.17 0.18 0.27 0.27 0.26 0.26
p-value 0.24 0.82 0.22 0.95 0.99 0.73 0.53 0.80 0.45 0.48 0.06 0.11 0.79 0.78 0.40 0.31

R? 0.60 0.56 0.60 0.56 0.56 0.56 0.57 0.56 0.58 0.57 0.65 0.63 0.49 0.50 0.53 0.54

Cantabrian shelf

Slope -030  -0.22 0.16 -0.01 -0.02 0.00 0.12 0.14 0.09 0.08 0.16 0.20 0.10 0.08 -0.22 0.31
SE 0.18 0.19 0.19 0.20 0.22 0.20 0.20 0.20 0.20 0.20 0.19 0.19 0.31 0.31 0.31 0.32
p-value 0.11 0.25 0.40 0.95 0.92 0.99 0.55 0.48 0.67 0.71 0.41 0.31 0.76 0.80 0.50 0.36

R? 0.63 0.60 0.58 0.56 0.56 0.56 0.54 0.54 0.53 0.53 0.58 0.59 0.43 0.43 0.46 0.50

Aquitanian shelf

Slope 0.06 -0.04 0.29 0.00 -0.04 0.07 0.29 0.19 0.26 0.24 0.18 0.21 -0.02 0.01 -0.24 0.25
SE 0.19 0.19 0.18 0.20 0.21 0.19 0.20 0.20 0.20 0.21 0.19 0.19 0.29 0.29 0.27 0.27
p-value 0.77 0.84 0.13 0.99 0.86 0.74 0.18 0.37 0.23 0.27 0.34 0.27 0.96 0.98 0.41 0.38

R? 0.56 0.56 0.62 0.56 0.56 0.56 0.65 0.62 0.64 0.63 0.59 0.59 0.69 0.69 0.72 0.72

Armorican shelf

Slope 0.15 0.11 0.20 -0.03 0.03 0.09 0.24 0.11 0.29 0.27 0.36 0.36 -028  -0.19 -0.24 0.24
SE 0.19 0.19 0.19 0.20 0.19 0.19 0.16 0.17 0.16 0.16 0.17 0.17 0.40 0.41 0.32 0.32
p-value 0.45 0.59 0.30 0.89 0.90 0.65 0.17 0.55 0.09 0.11 0.06 0.06 0.52 0.67 0.50 0.49

R? 0.58 0.57 0.59 0.56 0.56 0.57 0.75 0.72 0.77 0.76 0.66 0.65 0.64 0.61 0.64 0.65
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Chapter 5

Discussion and conclusions

The results presented in the previous chapters offer valuable insights into the incidence
and duration of marine heatwaves in the Bay of Biscay in recent decades. As the spatiotemporal
scope of the research broadens in each chapter, three pivotal facets of marine heatwave
exploration are progressively addressed: characterization, detectability, and impact assessment.
Marine heatwave analyses in central Cantabrian Sea showed no significant trends in occurrence
or duration, yet a positive correlation with the positive phase of the East Atlantic pattern and a
potential association with populations shifts of habitat-founding macroalgae was acknowledged
(Chapter 2). Coast-level monitoring of marine heatwaves was improved through our downscaling
approach, which allowed to hindcast their incidence over a more widespread spatiotemporal
extent and revealed a consistent six-fold increase across northern Spain throughout the last four
decades, largely attributable to ocean warming (Chapter 3). This pattern persisted across the entire
Bay of Biscay continental shelf with longer and more frequent marine heatwaves which, along
with increasing sea surface temperatures, were shown to have divergent effects on the early life

survival of mackerel and horse mackerel (Chapter 4).

This study dedicates significant attention to estimating long-term trends in sea surface
temperatures and marine heatwave key features, among other environmental variables of interest.
In all three chapters sea surface temperatures displayed significant rises that align with mean
warming patterns observed in the Bay of Biscay (~0.10 - 0.25°C per decade depending on the
timescale, Chust et al., 2022). In contrast, marine heatwave trends only showed consistency over
broad temporal scales (i.e., 40 years) with overall increases in frequency (~75-80% MHW days
per decade) and duration (2.5-3 days per decade) that mirror global patterns (Yao et al., 2022).
While mean ocean warming has been identified as the main driver of marine heatwave occurrence
worldwide (Oliver, 2019), atmospheric modes of climate variability are also a powerful source of
above-average temperatures across vast oceanic regions (Holbrook et al., 2019). The influence of
the East Atlantic pattern in prompting temperature extremes was acknowledged in Chapter 2
through a strong association with marine heatwave incidence in the Cantabrian Sea. While this
pattern accounts for approximately 25% of sea surface temperature variability in the Bay of
Biscay, the North Atlantic Oscillation also exerts substantial influence in the region (Borja et al.,
2019), which can make its potential contribution to marine heatwave occurrence worth exploring
in upcoming research. Although uncertainties persist regarding future projections of sea surface

temperature and marine heatwave trends in the Bay of Biscay, global scale predictions (Oliver et
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al., 2019; Cheng et al., 2022) and the increased frequency and endurance of the positive phase of
the East Atlantic pattern in the past decade (see NOAA Climate Prediction Center, 2024) strongly
indicate that the temperature-related processes examined in this study will likely persist in the

coming years.

The ecological and socioeconomic effects stemming from increased ocean warming and marine
heatwave incidence are primarily conspicuous in coastal areas (Smith et al., 2021). These regions,
recognized as some of the most dynamic and productive on our planet, serve as critical interfaces
where diverse ecosystems thrive and interact, what makes them exceptionally sensitive to climatic
stressors (He & Silliman, 2019). Accurate temperature assessments in coastal areas are essential
for developing management strategies to protect valuable marine ecosystems from the impacts of
mean and extreme temperature trends (Melet et al., 2020). Acquiring them, however, remains
challenging. On the one hand, remotely-sensed estimates are often biased by the influence of land
and local processes, which skew the detection of small-scale variability and extremes (Woo &
Park, 2020). On the other hand, in situ measurements have limited spatial coverage and usually
require significant human effort for deployment, maintenance and collection. In fact, the
unavailability of spatiotemporally longer, more comprehensive in situ temperature records in
Chapter 2 prevented a more thorough trend analysis in sea surface temperature and marine
heatwaves in the coast of central Cantabrian Sea. This conundrum led to the development of the
downscaling method presented in Chapter 3. By reconciling field and satellite estimates in a
regression model that includes the effect of alongshore upwelling and seasonal stratification, this
method achieves to reliably reproduce nearshore sea surface temperatures over an extended
spatiotemporal scope. The reconstructed temperature series enabled an improved detection of
marine heatwaves along the entire Cantabrian coast over the last four decades, which holds
potential for more precise predictions of their impacts and for conservation efforts to be more

effectively targeted and timed.

Building on the success of this methodology in hindcasting marine heatwave incidence across the
coast of northern Spain, several key strategies can be pursued for further refinement. First, the
model could benefit from using temperature estimates derived from newly developed field and
satellite products with heightened resolutions, particularly those with validated skill in coastal
regions (Koutantou et al., 2023). Second, the inclusion of additional variables like river discharge
or anthropogenic factors, contingent upon the distinctive features of the surveyed area, may
enhance the ability of the model to reliably reproduce nearshore temperature conditions. Lastly,
integrating sea surface temperature outputs from global climate model simulations (CMIP6, Kim
et al., 2020) could be useful to accurately assess present and future trends in coastal temperatures
under different global warming scenarios (i.e., Representative Concentration Pathways 4.5 and

8.5). Collectively, these adjustments have the potential to improve the applicability and
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robustness of our downscaling methodology, assuming it remains relevant. Recent advances in
technology and modeling, particularly through the combination of data derived from satellites
with measurements from UUV (unmanned underwater vehicles), have significantly improved the
accuracy and resolution of remotely-sensed sea surface temperature estimates, which hold great
promise in coastal areas (Vazquez-Cuervo et al., 2023). It is reasonable to expect these
advancements to continue to evolve in the coming years, potentially reducing the need for
methodologies such as the one presented here. In the interim, research efforts aimed at the precise
detection of marine heatwaves remain key for enhancing our ability to assess and mitigate their

impacts as we navigate a warming world.

Large marine ecosystems worldwide are projected to experience a widespread increase of marine
heatwaves, which poses a grave threat to resident organisms — even if they were to adapt fully to
the mean ocean warming trend (Guo et al., 2022). This implies that we should expect substantial
disruptions in marine biodiversity across these valuable regions in the foreseeable future,
including the Bay of Biscay. These may manifest through distribution range shifts, mass mortality
events, alterations in food webs or extensive restructuring of ecosystems, among other well-
documented environmental repercussions (Smith et al., 2023). The ecological effects derived
from marine heatwave incidence in the Bay of Biscay remain an area yet to be investigated. This
work contributes to filling the gap by examining marine heatwave impacts on two key marine

communities: habitat-forming macroalgae (Chapter 2) and small pelagic fish (Chapter 4).

Macroalgae are critical components of marine ecosystems as they constitute the underpinning of
the food web, provide essential habitats for a myriad of species and actively contribute to carbon
sequestration (Krause-Jensen & Duarte, 2016; James & Whitfield, 2023). In recent decades,
marine heatwaves have been reported to play a significant role in the decline of coastal foundation
species globally, including macroalgae (Smith et al., 2024), which can trigger cascading effects
that can lead to biodiversity loss and, ultimately, ecosystem disruption (Macreadie et al., 2017).
For the last 50 years, cold-temperate macroalgae populations in southern Bay of Biscay have
undergone a progressive retreat that has been paralleled by the expansion of warm-affinity non-
indigenous species, a phenomenon that has been largely attributed to ocean warming (Fernandez,
2016; Casado-Amezua et al., 2019; Arriaga et al., 2023). While long-term temperature increases
may induce sublethal stress in macroalgae physiology, prolonged exposure to above-average
temperatures can surpass critical thermal thresholds, resulting in population attrition and
ultimately triggering local extinctions and range contractions (Straub et al., 2019). Indeed, a
potential correlation between the incidence of coastal marine heatwaves and documented shifts
in macroalgae populations at a local level is inferred in Chapter 2. The lack of year-to-year
abundance records for the selected macroalgae species prevented empirical validation of this

association, as only disappearance data for specific periods have been recorded. Nonetheless, the
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implications on ecosystem functioning may be significant, particularly within the context of
projected reduced energy flows from low trophic levels (Ullah et al., 2018; Bindoff et al., 2019).
One way to address this would be to annually monitor macroalgae populations in the region,
which could yield crucial data to assess trends, validate correlations with marine heatwave
occurrence, and advance research in this and related fields. Implementing citizen science
programs to collect observational data from diverse geographic areas could alleviate the
considerable human effort involved in this task (Herrero et al., 2023). Though preliminary, these
findings emphasize the need for further research to elucidate how marine heatwaves are affecting
macroalgae communities in the region, so that informed conservation and management efforts

can be guided to counter their impacts.

Small pelagic fish, on the other hand, play vital roles across two critical fronts: ecological and
commercial. Ecologically, they are integral to the pelagic food web as key energy transfer nodes
that link and regulate production in both high and low trophic levels (Ruzicka et al., 2024).
Commercially, they hold significant value as they represent a substantial percentage of the
fisheries catch and contribute significantly to economic income, food security, and industry
support through fishmeal and fish oil production (FAO, 2022). The sustained provision of these
essential goods and services is currently compromised by overfishing and climate change, which
lie behind reported declines in marine fish populations worldwide (IPBES, 2019a; IPCC, 2023).
In this context, marine heatwaves emerge as powerful agents of change able to drive contrasting
responses on fish communities depending on their life histories and sensitivity to environmental
conditions (Cavole et al., 2016; Wernberg et al., 2016; Freedman et al., 2020; Ziegler et al., 2023).
This impact variability is evident in the Bay of Biscay, where warmer sea surface temperatures
and increased marine heatwave incidence do not affect the early life survival of anchovy and
sardine but display contrasting effects on mackerel and horse mackerel, favoring the former and
hampering the latter (Chapter 4). Global pelagic fauna is expected to redistribute as ocean
warming intensifies, with species shifting polewards at the cooler edges of their ranges and
contracting at their warmer boundaries (Ariza et al., 2022). Recent reports indicate that anchovy,
mackerel, horse mackerel, and a diverse array of fish species inherent to lower latitudes in the NE
Atlantic have been following this pattern (Gordo-Vilaseca et al., 2023), which suggests a
diminishing likelihood of their presence in the Bay of Biscay over time. This scenario underscores
the need for climate-adaptive management reforms to address these shifts and prevent potential

fisheries conflict (Free et al., 2020; Mendenhall et al., 2020).

As rising temperatures and marine heatwaves continue to drive shifts in macroalgae and small
pelagic fish populations, potential alterations in ecosystem function and services are imminent.
Efforts to mitigate these trends are underway, including the EU Horizon projects FutureMARES

and MaCoBioS, which aim to advance marine biodiversity research and ecosystem resilience
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under climate change (FutureMARES, 2024; MaCoBioS, 2024), the attempts from the Pelagic
Advisory Council to implement a horse mackerel fishery rebuilding plan (ICES, 2021e), and
recent agreements on mackerel quotas by the Northeast Atlantic Fisheries Commission (European
Commission, 2023). While these initiatives show promise, they would benefit from increased
support as there are important next steps yet to fulfill, such as expanding conservation and
restoration efforts to additional species and regions, renewing the rebuilding plan for horse
mackerel, and reaching a consensus on mackerel stock sharing. Providing protection to marine
ecosystems and enhancing the connectivity between them can aid in the restoration and
preservation of affected areas (Fontoura et al., 2022), whereas implementing management
strategies that align with scientific advice and respond to changing environmental conditions is
essential (i.e. zero catch recommendations for western horse mackerel were issued in the last two
years but were ultimately dismissed, see ICES, 2023). A coordinated and comprehensive
approach is necessary to address the current and upcoming challenges of a planet undergoing
climate change. Meeting the 1.5°C global warming target is paramount to avoid critical scenarios,
but the long-term endurance and sustainability of marine systems can only be secured if this goal

is accompanied by actions that promote resilience and adaptation (Trebilco et al., 2022).

The cornerstone of sustainable ocean management is research, as it provides the knowledge and
evidence needed to make informed decisions, implement effective conservation measures, and
ensure the long-term health and resilience of global oceans. In this sense, monitoring marine
heatwave incidence in the Bay of Biscay and understanding how they affect the biodiversity and
functioning of local marine ecosystems is crucial for the preservation of ecological balance and
the sustenance of livelihoods and economic activities reliant on its resources. Here, we present
three main contributions: an analysis of marine heatwave trends over the past four decades, an
improved methodology for detecting them at the coast level, and a deeper understanding of their
influence and impacts on two significant marine communities in the region. Our endeavor is that
this study will not only shed light on the effects of marine heatwaves in the Bay of Biscay, but
also inspire research, conservation and policymaking efforts on the field to work towards a more

sustainable future for the marine and human communities inhabiting it.
5.1. Conclusions

e The likelihood of marine heatwave occurrence in the central Cantabrian Sea associates with
the positive phase of the East Atlantic pattern, supporting the prevailing role of large-scale

climate modes as key drivers of these events.

e The incidence of marine heatwaves along the coast of the central Cantabrian Sea may link to

population shifts of habitat-forming macroalgae species documented in literature.
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Conclusions

Coastal upwelling limits sea surface temperature monitoring at two coastal locations in the
central Cantabrian Sea and prompts large biases between field and satellite records, especially

during spring and summer.

A downscaling approach based on regression modeling achieves to reconcile in situ and
satellite temperature estimates by accounting for the effect of alongshore upwelling and air-
sea heat fluxes. This method allows to predict an improved temperature series that 1) reliably
reproduces near-shore sea surface temperatures, ii) retains the spatiotemporal resolution of

the satellite and iii) improves the detection of coastal marine heatwaves.

Trend analyses based on static and dynamic detection thresholds indicate a significant impact
of long-term ocean warming on the six-fold increase in marine heatwave incidence along the

coast of southern Bay of Biscay over the last four decades.

The incidence of marine heatwaves across the southern Bay of Biscay parallels the gradient

in sea surface temperature, being more frequent towards the inner part of the Bay.

The frequency and duration of extreme temperature events in the continental shelf of the Bay
of Biscay over the past four decades aligns with global patterns: increasing for marine

heatwaves, decreasing for marine cold-spells.

Ocean warming and marine heatwaves are leading to a growing frequency of exceptionally
high sea surface temperatures that exceed the spawning thermal niche of small pelagic fish,

as well as a decline in the availability of optimal spawning temperatures for mackerel.

The influence of environmental forcing on the early life survival of small pelagic fish in the
continental shelf of the Bay of Biscay is closely tied to life history strategy. During their
spawning period, wind-related processes have distinct effects on anchovy, mackerel, and
horse mackerel depending on the region examined, whereas warmer waters and marine
heatwaves favor mackerel and compromise horse mackerel across most, if not all regions in

the Bay.

Marine heatwave research conducted at local and regional scales remains crucial for acquiring
detailed insights that are often overlooked by global analyses. When integrated into a broader
framework, this smaller-scale knowledge facilitates a comprehensive understanding of
marine heatwave trends and their impacts across various regions and ecosystems worldwide.
Only through this holistic approach can we effectively guide targeted conservation and

management strategies in a world facing climate change.
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Chapter 5: Discussion and conclusions

5.2. Conclusiones

e Laprobabilidad de ocurrencia de olas de calor marinas en el Mar Cantébrico central se asocia
con la fase positiva del patron del Atlantico Este, lo que respalda el papel predominante de

los modos climaticos a gran escala como impulsores clave de estos eventos.

e Laincidencia de olas de calor marinas a lo largo de la costa del Mar Cantabrico central puede
estar relacionada con cambios poblacionales de especies de macroalgas formadoras de habitat

documentados en literatura reciente.

e El afloramiento costero limita el monitoreo de la temperatura superficial del mar en dos
ubicaciones costeras en el Mar Cantabrico central y provoca grandes sesgos entre los registros

de campo y satélite, especialmente durante la primavera y el verano.

e Un enfoque de reduccion de escala basado en modelos de regresion consigue reconciliar
estimaciones de temperatura in situ y satelitales al tener en cuenta el efecto del afloramiento
costero y los flujos de calor aire-mar. Este método permite predecir una serie de temperatura
mejorada que i) reproduce de manera fiable las temperaturas superficiales del mar cerca de la
costa, ii) conserva la resolucion espaciotemporal del satélite y iii) mejora la deteccion de olas

de calor marinas costeras.

e Los analisis de tendencias basados en umbrales de deteccion estatica y dindmica indican un
impacto significativo del calentamiento oceanico a largo plazo en la sextuplicacion de la
incidencia de olas de calor marinas a lo largo de la costa sur del Golfo de Vizcaya en las

ultimas cuatro décadas.

e Laincidencia de olas de calor marinas en el sur del Golfo de Vizcaya se correlaciona con el

gradiente de temperatura superficial del mar, siendo mas frecuentes hacia el interior del golfo.

e La frecuenciay duracion de eventos extremos de temperatura en la plataforma continental del
Golfo de Vizcaya en las ultimas cuatro décadas se alinea con los patrones globales: aumento

de olas de calor marinas, disminucion de olas de frio marinas.

e El calentamiento de los océanos y las olas de calor marinas estan provocando una frecuencia
cada vez mayor de temperaturas superficiales del mar excepcionalmente altas que exceden el
nicho térmico de desove de los pequefios peces pelagicos, asi como una disminucion en la

disponibilidad de temperaturas dptimas de desove para la caballa.

e La influencia del forzamiento ambiental en la supervivencia temprana de pequefios peces
pelagicos en la plataforma continental del Golfo de Vizcaya esta estrechamente ligada a la
estrategia de historia vital. En su periodo de desove, los procesos relacionados con el viento

tienen efectos distintos sobre la anchoa, la caballa y el chicharro dependiendo de la region
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examinada, mientras que las aguas mas calidas y las olas de calor marinas favorecen a la

caballa y comprometen al chicharro en la mayoria de las regiones del Golfo, si no en todas.

La investigacion sobre olas de calor marinas realizada a escala local y regional sigue siendo
crucial para adquirir conocimientos detallados que a menudo pasan desapercibidos en los
andlisis globales. Cuando se integra en un marco mas amplio, este conocimiento a menor
escala facilita una comprension integral de las tendencias de las olas de calor marinas y sus
impactos en diversas regiones y ecosistemas de todo el mundo. Sélo a través de este enfoque
holistico podremos guiar eficazmente estrategias especificas de conservacion y gestion en un

mundo que enfrenta el cambio climatico.
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