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Abstract

Frequent jellyfish blooms cause human health issues and closures of coastal areas,
impacting different economic sectors like tourism, fisheries, aquaculture farms and
industry. Understanding the drivers of jellyfish bloom and predicting their occurrence is
therefore essential to develop effective management plans. The Portuguese Man-of-War
(Physalia physalis) is a dangerous cosmopolitan siphonophore and its ecology remains
largely understudied. The objective of this study is to understand the main environmental
drivers (e.g., temperature, productivity, wind and ocean patterns) that explain the
occurrence of P. physalis at a macroecological scale (the North Atlantic Ocean) and at a
regional scale (Faial Island from the Azores archipelago), and to predict its distribution
and temporal trends. We implemented machine learning modelling that fed on high-
resolution environmental data and occurrence data describing its distribution in the North
Atlantic Ocean and long-term temporal variability in the Faial Island (Azores). Models
retrieved high accuracy scores and showed that the distribution of P. physalis is mainly
explained by primary productivity, temperature and currents direction at the
macroecological scale and by primary productivity and wind patterns at the regional scale.
The models also showed a higher probability of occurrence on both Atlantic coasts and
offshore North-northwest Atlantic. Models fed on temporal datasets demonstrate decadal
fluctuations rather than significant increases over time, contradicting the previously
established hypothesis that jellyfish blooms are increasing. By using species distribution
modelling, we provide a better understanding on how environmental variability shapes
the occurrence of P. physalis at different spatial and temporal scales (macroecological
and regional), which can be considered in management plans and policies. In the future,
projected global warming and decreased primary productivity in the North Atlantic may
cause significant poleward shifting of this species, adversely affecting human health,

socioeconomics and ecosystems in regions not currently used to deal with such impacts.



Resumo
Os frequentes blooms de medusas causam problemas de saude humana e encerramentos

de zonas costeiras, que tém impactos em diferentes sectores econémicos como o turismo,
pescas, exploracBes aquicolas e industria. Compreender quais os factores ambientais que
levam aos blooms de medusas e prever a sua ocorréncia €, portanto, essencial para
desenvolver planos de gestdo eficazes. A caravela portuguesa (Physalia physalis) é um
perigoso sifonoforo cosmopolita com um pneumatéforo flutuante e longos tentaculos com
células urticantes cuja ecologia permanece pouco estudada. O objetivo deste estudo €
compreender os principais fatores ambientais (por exemplo, temperatura, produtividade,
vento e padrGes oceanicos) que explicam a ocorréncia da P. physalis a escala
macroecologica (o Oceano Atlantico Norte) e a escala regional (llha do Faial do
arquipélago dos Acores), e prever a sua distribuicdo e tendéncias temporais.
Implementamos modelos de machine learning que se alimentam de dados ambientais de
alta resolucdo e dados de ocorréncia descrevendo a sua distribui¢cdo no Oceano Atlantico
Norte e a variabilidade temporal a longo prazo na Ilha do Faial (Acores). Os modelos de
alta precisdo e mostraram que a distribuicdo de P. physalis € principalmente explicada
pela produtividade primaria, temperatura e dire¢do das correntes a escala macroecoldgica
e pela produtividade primaria e padrbes de vento a escala regional. Os modelos também
mostraram uma maior probabilidade de ocorréncia da espécie na costa e regido Norte-
noroeste do Atlantico Norte. Os modelos alimentados com conjuntos de dados temporais
demonstram flutuagcOes decadais em vez de aumentos significativos ao longo do tempo,
contradizendo a hipotese previamente estabelecida de que os blooms de medusas estéo a
aumentar. Ao modelar a distribuicdo da espécie, fornecemos uma melhor compreensdo
de como a variabilidade ambiental molda a ocorréncia de P. physalis em diferentes
escalas espaciais e temporais (macroecoldgicas e regionais), o que pode ser considerado
em planos e politicas de gestdo. No futuro, o aquecimento global projetado e a diminuicéo
da produtividade priméaria no Atlantico Norte podem causar deslocamentos significativos
desta espécie em direcdo ao podlo, afetando negativamente a salde humana, a
socioecondmica e 0s ecossistemas em regides que atualmente ndo estdo habituadas a lidar

com tais impactos.



Resumo Estendido
As medusas sdo conhecidas pelo seu caracter urticante assim como por blooms rapidos e

extensos que podem ter numerosas consequéncias negativas para 0S ecossistemas
marinhos, incluindo impactos nas teias troficas e em processos bioquimicos. Os blooms
também impactam atividades socioecondmicas como o turismo, a pesca, a aquacultura e

0 sector industrial.

Na ecologia, a compreensdo dos padrdes e processos que regulam a distribuicdo das
especies € a chave para o desenvolvimento de principios de gestdo ambiental. Para
desenvolver modelos de previsdo necessarios a gestdo, e adequados ao contexto das
alteracOes climéticas, € necessario estabelecer uma ligacao entre as diferentes escalas. As
escalas restringem diferentes padrbes ecoldgicos, pois numa escala mais fina séo
encontrados diferentes padrdes do que a uma escala macroecoldgica. Assim, estes
processos podem ser mal interpretados por razbes de perspetiva. No presente estudo,
serdo investigados quais os fatores que melhor explicam a ocorréncia de Physalia
physalis, através de modelagdo ecoldgica desenvolvida a escalas espaciais e temporais
contrastantes — macroecolégicas e regionais (0 Oceano Atlantico Norte e a Ilha do Faial
do arquipélago dos Acores), e prever a sua distribuicdo e tendéncias temporais. Physalia
physalis ou caravela portuguesa é um sifonéforo pleustonico. Apesar de a P. physalis ser
uma espécie conspicua e cosmopolita, o conhecimento sobre a sua ecologia e
comportamento continua bastante limitado. Existe uma lacuna de conhecimento acerca
dos fatores que atuam a diferentes escalas nesta espécie e é importante saber o que mais
influencia as ocorréncias e sob que condicdes estas aparecem. Devido a sua natureza
perigosa, € muito importante saber mais sobre a espécie e prever este tipo de

acontecimentos no futuro.

Os principais objetivos deste trabalho sdo (1) compreender os principais fatores
ambientais responsaveis pela ocorréncia de P. physalis a escala macroecoldgica (Oceano
Atlantico) e regional (Ilha do Faial no arquipélago dos Acores) e (2) prever a ocorréncia
de P. physalis as escalas espaciais e temporais. Este trabalho serve para melhorar o
conhecimento ecologico de P. physalis e fornecer linhas de base para agdes de
conservacao e gestdo, especialmente face a futuras alteracGes climaticas, uma vez que o

aquecimento dos oceanos pode beneficiar a ocorréncia da espécie.

Neste estudo, modelos de machine learning foram alimentados com dados ambientais de

alta resolucdo e dados de ocorréncia. Para uma abordagem a escala macroecoldgica, 0s



dados de ocorréncia no Atlantico Norte foram obtidos a partir de repositorios de
biodiversidade online e literatura disponivel e os dados ambientais foram obtidos a partir
do repositorio Bio-ORACLE. Para uma abordagem a escala regional, foram considerados
conjuntos de dados a longo prazo de observacdes de P. physalis na Ilha do Faial
fornecidos pela associacdo sem  fins  lucrativos  Atlantic ~ Naturalist
(AtlanticNaturalist.org). Para esta abordagem foram recolhidos dados ambientais do
Copernicus Marine and Environment Monitoring Service (CMEMS). De forma a
percebermos quais os preditores ambientais mais adequados para treinar o modelo,
comparamos os dados dos padrdes oceanicos com o dos padrdes dos ventos, e os dados
da produtividade primaria com os de fitoplancton. Seleciondmos os preditores a serem
usados no treino do modelo e avalidmos o seu desempenho. O modelo a escala
macroecoldgica permitiu a previsdo da ocorréncia da espécie, através da producdo de
mapas, de acordo com as condices ambientais no Atlantico Norte. A escala regional, foi
prevista uma série temporal de ocorréncia de P. physalis, utilizando a probabilidade

média de ocorréncia.

Os modelos de distribuicdo da espécie, com elevada precisdo, mostraram que diferentes
fatores atuavam a diferentes escalas. A escala macroecoldgica, a distribuicio da espécie
é principalmente regulada pela produtividade priméria e pela temperatura e, com menos
significancia, pela direcdo das correntes. A escala regional, a distribuicéo é regulada pelos
padrdes de vento, pela produtividade primaria e, com menos significancia, a localizacdo
da amostragem. Isto corrobora estudos anteriores que demonstraram que as correntes e
ventos sao os fatores que melhor explicam a distribuicao desta espécie. Pela primeira vez,
0 presente estudo realca o papel da produtividade priméria. Para a escala regional o
modelo previu a dire¢do da origem dos ventos como sendo de Sudoeste, Sul-Sudoeste,
Oeste e Norte. Estas sdo as regides proximais com maior probabilidade de ocorréncia da
espécie a nivel macroecoldgico (regido Norte-Noroeste do Oceano Atlantico). Esta maior
probabilidade de ocorréncia pode ser devida a localizacdo geogréfica das correntes
oceanicas: a corrente do Golfo d& origem a corrente dos Acores, que, pode transportar a
caravela portuguesa até ao arquipélago atraves de um transporte de latitudes inferiores.
Foi, também, possivel compreender quais as areas mais adequadas para a espécie, tanto
em ambas as costas atlanticas, como em mar aberto, na regido Norte-Noroeste do
Atlantico, onde a 4gua € quente e produtiva. Foi possivel reconstruir uma série temporal

a escala regional que mostrou uma elevada variabilidade temporal, com maior



probabilidade de ocorréncia nos periodos de 1996-1999, 2002-2004 e anos recentes.
Foram também encontrados padrdes de sazonalidade de maior ocorréncia da espécie entre
mar¢o e outubro. Os resultados mostraram a importancia da temperatura e da

produtividade primaria a escala global e regional para a ocorréncia da espécie.

O aumento da temperatura da agua do mar tem varias consequéncias no ciclo de vida das
espeécies, acelera o crescimento e desenvolvimento das medusas, promove a estratificacdo
da coluna de agua. Leva a mudancas na teia alimentar e a expansao e deslocacdo da
distribuicdo de medusas em direcdo aos pdlos. Isto aumenta a possibilidade de que haja
uma maior incidéncia de impactos. Prevé-se que a produtividade primaria diminua no
futuro como consequéncia do aquecimento global antropogénico, quer a nivel do
Atlantico Norte, quer a nivel global. Dito isto, € de esperar que no futuro a temperatura
aumente e a produtividade primaria diminua no Atlantico Norte. A espécie é mais
suscetivel de ocorrer quanto maior for o aumento tanto da temperatura como da
produtividade. E possivel inferir que no futuro a espécie podera ter maior ocorréncia em
latitudes mais elevadas, porque acompanhara a diminuicdo da produtividade e deslocar-
se-a para 0 Norte. Estas mudancas terdo efeitos negativos num futuro préximo. Esta
informacdo, até agora desconhecida, é crucial para a ecologia, mas também como linha
de base para orientar as acGes de gestdo. Particularmente face as futuras alteracoes
climaticas, uma vez que o aquecimento dos oceanos parece beneficiar a ocorréncia desta
espécie. Assim, sera necessario compreender melhor como a variabilidade ambiental
regula a ocorréncia da P. physalis e considerar politicas de gestdo a curto e longo prazo,
devido aos grandes impactos socioecondémicos e sanitarios que esta espécie tem.

Keywords: Physalia physalis, species distribution modelling, climate change, jellyfish
blooms, drivers
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Chapter 1

General Introduction

Jellyfish impacts and their consequences for humans
Jellyfish, here referred to all gelatinous zooplankton taxa, including the medusae and

ctenophores, are known for rapid and extensive blooms (Purcell, 2005) that can have
numerous negative consequences for marine ecosystems, impacting food webs and
biochemical processes. These blooms also cause socio-economic disruptions in tourism,
fisheries, aquaculture and the industry sector. Jellyfish can be dangerous to humans due
to the venom released by their nematocysts, capsule-like organelle that opens when
touched (Fautin, 2009; Geetha et al., 2019) (Figure 1.1), which can produce several kinds
of symptoms (Figure 1.2) including gastrointestinal,
muscular, cardiac, neurological, allergic and can
even be fatal (Cegolon et al., 2013). They interact
negatively with fisheries through predation and
competition: leading to desynchronization in the

: . . o,
feeding periods of the juveniles’ stocks and a .11 pischarge mechanism of a

nematocyst, different stages. Source:

decrease in the survival of fish communities (Lynam = """
Wikipedia.

et al., 2004; Tilves et al., 2016). Large species of
jellyfish clogged and burst the set-nets of fishers
which affected fishing efficiency, could damage the
gear (Conley & Sutherland, 2015) and deteriorate the
catches (Bosch-Belmar et al., 2021). In the

aquaculture farms, jellyfish can cause damage to

caged fish (Licandro et al., 2010), producing skin and  Figure 1.2 - Jellyfish sting. Source: Jornal de
o Noticias accessed on 29/07/2022.

gill injuries, or even death due to vectors of pathogens

(Bosch-Belmar et al., 2016, 2021). There is interspecific competition for nutrition,
resulting in high production mortality rates (Mghili et al., 2021), pen’s clogging,
interrupted water circulation (Bosch-Belmar et al., 2021) and high cleaning costs
(Graham et al., 2014). The industry sector could also be affected by jellyfish blockage of
water pipe systems, decreasing its productivity, or even interrupting power and freshwater

production (Graham et al., 2014; Purcell, 2005) (Figure 1.3).



Figure 1.3 - Jellyfish impacts in society: A)Beach full of stranded Portuguese Man-of-War, Azores (source: Jovens
reporters para o ambiente at https://jra.abae.pt/ accessed on 29/07/2022; photo: Jodo Furtado); B)Nemopilema
nomurai clogging fish net, coast of Japan (from: Condon et al. 2012; photo: Schin-ichi Uye); C)Jellyfish barrier to
prevent them from being present on aquaculture farms (source: www.ribolanetting.com accessed on 29/07/2022); D)
Jellyfish blockage of water pipe system (source: The Guardian, accessed on 29/07/2022; photo: Jack Guez).

Lack of available data and a matter of perception
A present-day concern regarding climate change is the degradation of the oceans’ health

and its consequences in the increasing abundance of jellyfish. This is a relevant problem
with no consensual answer. The lack of long-term temporal records makes it difficult to
analyse jellyfish abundance over time (Canepa et al., 2020; Condon et al., 2012; Mills,
2001; Purcell, 2005). Condon et al., (2012) even stats that it is a question based on
“perception”. Currently, the effort of recording gelatinous zooplankton has grown
exponentially, with the scientific community involved, but also the general public. Some
studies show jellyfish species increasing in abundance in different parts of the world, but
also few species declining due to ecological or human-related causes (Edelist et al., 2021;
Mills, 2001). These changes in abundance could be a consequence of environmental
variability driven by climate change (bottom-up trophic chain control) (Condon et al.,
2012, 2013) rather than a consequence of high levels of fishing pressure (top-down
trophic chain control) (Gibbons & Richardson, 2008). However, it remains difficult to
identify the specific drivers of jellyfish increases in abundance due to the large complexity

of ecosystems (Purcell, 2005).


https://jra.abae.pt/
http://www.ribolanetting.com/

Climate change and its consequences in jellyfish blooms
There is consensus that environmental changes in the ocean are a cumulative effect of

anthropogenic effects (Brotz et al., 2012; Mills, 2001) and their presence will have
consequences for the environment and society (Condon et al., 2012). It is known that
jellyfish blooms can be promoted by several situations: climate change, overfishing,
eutrophication, translocations and habitat modification (Figure 1.4 and 1.5). Climate
change and all its consequences, e.g., rising temperatures, ocean acidification, and
changing circulation patterns are the environmental and ecosystem precursors to the
increase in jellyfish abundance. The rising of sea water temperatures has consequences in
the species’ life cycle, their expansion to higher latitudes and it promotes water column
stratification. Warmer temperatures will alter the synchronicity of fish larvae with its
planktic prey, accelerate medusae growth and development, and change the timing and

duration of life stages (Purcell et al., 2007). Strobilation - a form of asexual
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Figure 1.4 - Impacts of climate change, eutrophication and its consequences in jellyfish blooms. From Richardson et
al. (2009).

reproduction - may no longer be seasonal and begins to take place over a longer period
of time. Water column stratification favours jellyfish over fish, because they can better
survive and thrive in low oxygen concentration areas. Stratification will also lead to
nutrient-poor surface waters and reduced levels of primary and secondary production
(Gibbons & Richardson, 2008). This will act as a change in the food web. The primary
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Ballast water exchange
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Habitat modification
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Figure 1.5 - Impacts of overfishing, translocation and habitat modification. From Richardson et al. (2009).

producers will be replaced by flagellates in these conditions. They can migrate vertically
to more nutrient rich waters and outcompete diatoms. Flagellates are the dominant
primary producers that lead to the production of jellyfish and ctenophores. These trophic
chains are considered "low-energy", as opposed to the ones initiated by diatoms that
supports fish production (Parsons & Lalli, 2002; Purcell, 2005). Another consequence of
rising temperatures is the potential expansion of jellyfish to higher latitudes (Purcell,
2005; Richardson et al., 2009). Ocean acidification due to the increase of dissolved carbon
dioxide can also benefit jellyfish indirectly (Attrill et al., 2007), by declining the
conditions on calcifying plankton. This leads to more ecological space for jellyfish.
However, the acidification can also affect them negatively: some jellyfish have calcium
carbonate statoliths used for orientation which could be affected due to the reducing pH
(Richardson et al., 2009). Although there is no scientific consensus on this subject.
Altered circulation patterns could be a consequence of climate change that leads to
fluctuations in jellyfish abundance (Lynam et al., 2004). NAO Index (North Atlantic
Oscillation) represents local changes in winds, circulations patterns (e.g. North Atlantic
Current - NAC) and temperatures. It has an influence on the abundance and distribution
of various species, from phytoplankton to macrofauna (Gibbons & Richardson, 2008).
However, there is still no consensus about the relationship of these variations to the



overall increase in jellyfish. Some studies found a negative correlation between jellyfish
abundance and NAO index (Lynam et al., 2004), others found a positive one (Attrill et
al., 2007) or even no significant link (Gibbons & Richardson, 2008). On the other hand,
El Nifio Southern Oscillation (ENSO) dynamics, which causes significant changes in the
distribution of the surface water temperature of the Pacific Ocean, was the cause for P.

physalis stranding in Chile (Canepa et al., 2020).

Human activities and its consequences in jellyfish blooms
Overfishing can also promote the increase of the jellyfish populations. The diet of

jellyfish is generalist, including eggs and larvae, as well as juveniles and adults of
different fish species, planktonic organisms, crustaceans and other jellyfish. The decrease
of competitive predators through overfishing opens an ecological space for jellyfish as
resources become available (Lynam et al., 2004; Mills, 2001; Purcell, 2005). For
example, the collapsed Northern Benguela upwelling sardine stocks have allowed
jellyfish populations to increase significantly (Lynam et al., 2006). In addition, feeding
energy previously directed to fish, when diverted to jellyfish, can lead to irreversible shifts
in the trophic dynamics. Jellyfish have few obligate predators (Richardson et al., 2009)
and higher trophic level organisms do not consume them, leading to a trophic dead-end
and limited top-down control of jellyfish (Lynam et al., 2006). The trophic transfer of
energy and organic matter, such as carbon, up the food chain is shifted to the microbial
community, provoking changes in biogeochemical processes and food web structure
(Condon et al., 2011). There are other explanations for the increase in jellyfish, such as
eutrophication, alien translocations and increasing amounts of hard substrate, which
should only be taken into consideration when analysing coastal data (Gibbons &
Richardson, 2008). Excess nutrients from fertilizer runoff, pollution sources, and sewage
in waters can lead to changes in the trophic web and to hypoxic events (Purcell et al.,
1999). The lack of silica in this environment will cause only flagellates to proliferate as
opposed to diatoms, which favour jellyfish instead of fish. The same happens with
hypoxia, scyphomedusae and ctenophores are tolerants to that, they can survive and thrive
in extreme environments (Purcell et al., 1999; Richardson et al., 2009). Translocations or
ballast water’s exchange opens up environments for jellyfish that would otherwise be
difficult to reach (Graham & Bayha, 2008). This results in jellyfish introductions, and it
leads to negative effects on the food web (Richardson et al., 2009). The expansion of
coastal areas can also cause the proliferation of jellyfish because it creates a more suitable
and additional habitat for the initial stages of jellyfish life’s - polyps. They can settle and
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proliferate over a larger area (Dong et al., 2018; Gibbons & Richardson, 2008; Parsons
& Lalli, 2002).

Different drivers acting at different scales
Understanding the patterns and processes driving natural systems, such as the variability

of jellyfish occurrence, is very important to develop effective management principles. In
this scope, it is necessary to establish baselines of knowledge at different spatial and
temporal scales (Levin, 1992; Wiens, 1989). Ecological processes or patterns may be
scale dependent (Hernandez, 2020; Hobbs, 2003; Thrush et al., 2005), or in other words,
variables may drive or not processes or patterns when acting at different scales (Hobbs,
2003). Thus, it is the sampling methodology that will influence how the ecology of the
species is portrayed, as it depends on the heterogeneity of the natural habitat (Hernandez,
2020; Wiens, 1989). However, reports of increasing jellyfish populations in specific
regions, on a decadal scale, requires careful and in-depth research on the drivers of
change, from regional-scale (wind direction) to global-scale, e.g., climate fluctuations
(Condon et al., 2013; Purcell, 2005). In addition to scale being important in management
and policy application, it can give different perspectives on the variation in abundance of
populations. This can be misinterpreted for perspective reasons. At short time scales,
blooms can be reported, but if they are analysed at a large time scale, they may occur due
to natural fluctuations. There is a lack of long time scale data to understand whether or
not gelatinous zooplankton are actually increasing in the oceans (Condon et al., 2012).

There is a gap in knowledge regarding drivers acting at different scales in this jellyfish.
Some can be considered local scales drivers such as currents, tides, and wind. Wind is
considered by most authors to be a local-scale driver because it plays the largest
contribution in its drift as well as its strength and direction (Ferrer & Pastor, 2017;
Headlam et al., 2020; losilevskii & Weihs, 2009; Prieto et al., 2015). The jellyfish sails
with its pneumatophore aligned with the wind direction. Others are considered global
drivers, such as temperature, which influences the species' growth, life cycle and
reproduction (Purcell, 2005). The increase in abundance of these species causes major
impacts at various levels, and knowing what most influences their occurrence at different
scales, may allow us to develop appropriate management strategies (Condon et al., 2013;
Ferrer et al., 2015). Only then it is possible to predict its occurrence and create measures
to prevent it. With this information, we can alert coastal services about strandings and
prevent the health problems mentioned earlier. To prevent economic losses in the tourism

sector the cleanliness of the beaches in question should be reinforced. Due to their
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dangerous nature, it is very important to know more about the species and predict these

types of events in the future.

NATURALIST

Figure 1.6 - Portuguese Man-of-War stranded on the beach. The pneumatophore and part of the tentacles are
visible. Source: www.naturalist.pt accessed on 29/07/2022.

Species introduction
One of the species that have been reported as dangerous is Physalia physalis or the

Portuguese Man-of-War, as it is informally known (Figure 1.6). It is a pleuston,
hydrozoan that belongs to the order Siphonophorae and suborder Cystonectae (Bardi &
Marques, 2007). It is widely distributed in tropical, subtropical and temperate regions of
the Atlantic Ocean (as far as the British Isles), where it strands along shorelines (Castriota
et al., 2017). Only one species is recognized - Physalia physalis (Figure 1.7) - although
some individuals display differences in size, colour and even distribution. Munro et al.,
(2019) suggest that there are diverse development stages, instead of different species as
originally thought. The morphological characteristics used to differentiate P. utriculus
from P. physalis, used to be a single tentacle and a smaller size. Thus, Indo-Pacific
populations should be considered a different species. Pontin & Cruickshank, (2012)
suggest the need to do a taxonomic revision. According to their study, Physalia genetic
diversity does not correspond to their findings, or this species could have a very high level
of intraspecific diversity. There is a possibility that genus Physalia could contain hidden



cryptic diversity, although in the ocean there are few chances for allopatric divergence
(Pontin & Cruickshank, 2012).

NUNO VASCO RODRIGUES & NATURALIST.PT

Figure 1.7 - Side view of P. physalis in Azores. Pneumatophore out of the water and tentacles in the water. Naturalist's
boat in the background - Photo: Nuno Vasco Rodrigues

P. physalis is a colony of different zooids (Figure 1.8), where each zooid has its own
function (Munro et al., 2019). The pneumatophore floats on the water surface, and the
tentacles have an opposite direction of motion (Woodcock, 1944). The pneumatophore is
used as a “sail” allowing P. physalis to travel long distances (losilevskii & Weihs, 2009).
Pneumatophore size can vary from 3 to 23 centimetres (Macias et al., 2021; Mghili et al.,
2021; Wilson, 1947) and is filled with carbon monoxide (Clark & Lane, 1961). There are
left and right-handed colonies - dimorphism - and the alignment of the pneumatophore is
determined at early development (Munro et al., 2019). Ferrer & Gonzalez, (2021) suggest
that the majority of the individuals are right-handed in the Northern hemisphere. The long
tentacles drag the colony and catch the prey in the lower part. Their average length, in
mature colonies, varies from 15 centimetres to 30 meters (Munro et al., 2019). The
underwater body is composed by different zooids with different functions: gastrozooid
(feeding polyp), gonodendron (reproductive structure) and tentacular palpon. The latter
is where the nematocysts - capsule-like organelle that opens when touched and releases
toxins - (Daly et al., 2007) are formed, and the venom is kept.



Pneumatophore

Gas filled float - plays a role in positive buoyancy, used
as a sail to catch the wind.

Gastrozooid

Feeding polyp - is the only zooid that ingests food, and also
carries out extracellular digestion of prey. Lacks a
tentacle.

Tentacular palpon

Tentacle-bearing polyp, unique to this species. The tentacle
is used to capture prey. Specialized for nematocyst
production.

Gonodendron

Compound reproductive structure that is released from the colony when mature,
bearing gonophores, palpons, jelly polyps, nectophores, and gastrozooids (see
above).

~—- Gonophore - medusa that contains female or male
gametes (colonies are dicecious, consisting of only one sex).

Palpon - derived gastrozooid, considered to be an accessory
digestive zooid.

Nectophore - medusa that is typically involved in locomotion.

vy
Q/ May be used to propel the gonodendron when detached.

Jelly polyp - reduced nectophore of unclear function.

Figure 1.8 - Schematic showing the anatomy of a Physalia physalis colony, with descriptions of each zooid and its
functions. From Munro et al. 2019.

Physalia physalis is a fish-eater: fish larvae, bigger fish, including herring, flying fish,
and silverside (Herring, 1971), leptocephalus larvae (Purcell, 1984). And it is a prey for
marine animals like Eretmochelys imbricata imbricata, Caretta caretta, Dermochelys
coriacea (Torres-Conde et al., 2021) (Figure 1.9), nudibranchs (Thompson & Bennett,
1969), some subspecies of Janthina and Glaucus marinus (Bingham & Albertson, 1974)
and likely to be prey of the heaviest fish in the world, the giant sunfish (Mola alexandrini)
known for its diet in gelatinous organisms (Gomes-Pereira et al., 2022). Little is known
about the life cycle of Physalia physalis, growth, reproduction rates, lifespan, its
behaviour and even ecology (Munro et al., 2019), although P. physalis is a conspicuous
and cosmopolitan species (Headlam et al., 2020). One of the reasons for that is the fact
that this siphonophore is not captured in fishery surveys, that is one of the common
traditional sampling methodologies used. The limited information available shows
Physalia physalis reproduction happening between summer and autumn and the lifespan
is approximately one year, where it can grow around 3 cm per month (Kennedy, 1972 in
Ferrer & Gonzalez, 2021). Our data shows a general increase in size during the year
(Figure 2.13 and 2.14) like other jellyfish do (Houghton et al., 2007).



Figure 1.9 - Marine turtle eating a Portuguese Man-of-War in Azores. Source: Naturalist

General Objectives
The main objectives of this work are to (1) understand the environmental drivers that

explain the occurrence of P. physalis at a macroecological scale (the North Atlantic
Ocean) and at a regional scale (Faial Island from the Azores archipelago) and (2) predict
its distribution and temporal trends. The species environmental drivers were assessed by
linking climate with occurrence datasets through regression models, in line with previous
studies (e.g., Ferrer et al., 2015; Ferrer & Gonzalez, 2021; Headlam et al., 2020; Macias
et al., 2021; Prieto et al., 2015). Individual distribution models considering several
ecological predictors were used at contrasting spatial and temporal scales: (1) a
macroecological scale - Atlantic Ocean - and (2) a regional scale - Faial Island, Azores
archipelago. The model was fed on high-resolution environmental data and occurrence
data describing its distribution in the North Atlantic Ocean (macroecological scale
approach) and long-term temporal variability in the Faial Island, Azores (regional scale
approach). The predictors considered in both scales were primary productivity, wind
speed and direction, ocean currents direction and speed, minimum and maximum
temperature. These were chosen based on what is currently known about the species: the
occurrence of Physalia physalis is influenced by productivity (Lucas et al., 2014), wind
patterns as well, as its pneumatophore is dragged by the wind, like a sail (losilevskii &
Weihs, 2009). The ocean currents patterns influence Physalia physalis since it is a
planktonic organism (Graham & Hamner, 2001) and increasing temperature causes an
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increase in growth and reproduction rates of jellyfish (Aouititen et al., 2019). This work
aims to improve the ecological knowledge of P. physalis and to provide baselines for
conservation and management actions, especially in the face of future climate change
since the warming of the oceans may benefit the occurrence of the species (Canepa et al.,
2020).
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Abstract

Frequent jellyfish blooms cause human health issues and closures of coastal areas,
impacting different economic sectors like tourism, fisheries, aquaculture farms and
industry. Understanding the drivers of jellyfish bloom and predicting their occurrence is
therefore essential to develop effective management plans. The Portuguese Man-of-War
(Physalia physalis) is a dangerous cosmopolitan siphonophore and its ecology remains
largely understudied. The objective of this study is to understand the main environmental
drivers (e.g., temperature, productivity, wind and ocean patterns) that explain the
occurrence of P. physalis at a macroecological scale (the North Atlantic Ocean) and at a
regional scale (Faial Island from the Azores archipelago), and to predict its distribution
and temporal trends. We implemented machine learning modelling that fed on high-
resolution environmental data and occurrence data describing its distribution in the North
Atlantic Ocean and long-term temporal variability in the Faial Island (Azores). Models
retrieved high accuracy scores and showed that the distribution of P. physalis is mainly
explained by primary productivity, temperature and currents direction at the
macroecological scale and by primary productivity and wind patterns at the regional scale.
The models also showed a higher probability of occurrence on both Atlantic coasts and
offshore North-northwest Atlantic. Models fed on temporal datasets demonstrate decadal
fluctuations rather than significant increases over time, contradicting the previously
established hypothesis that jellyfish blooms are increasing. By using species distribution
modelling, we provide a better understanding on how environmental variability shapes
the occurrence of P. physalis at different spatial and temporal scales (macroecological
and regional), which can be considered in management plans and policies. In the future,
projected global warming and decreased primary productivity in the North Atlantic may
cause significant poleward shifting of this species, adversely affecting human health,

socioeconomics and ecosystems in regions not currently used to deal with such impacts.

Introduction
Jellyfish, here referred to all gelatinous zooplankton taxa, including the medusae and

ctenophores, are known for rapid and extensive blooms (Purcell, 2005) that can have
numerous negative consequences for marine ecosystems, impacting food webs and
biochemical processes. These blooms, consisting of rapid population growths, can also
cause socioeconomic disruptions in tourism, fisheries, aquaculture and the industry

sector. Jellyfish can be dangerous to humans due to the venom released by their
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nematocysts, capsule-like organelle that opens when touched (Fautin, 2009; Geetha et al.,
2019), which can produce several kinds of symptoms and even be fatal in some situations
(Cegolon et al., 2013). Jellyfish blooms interact negatively with fisheries through
predation and competition: leading to desynchronization in the feeding periods of the
juveniles’ stocks and a decrease in the survival of fish communities (Lynam et al., 2004;
Tilves et al., 2016), as well as clogging and damaging the gear (Conley & Sutherland,
2015) and deteriorating the catches (Bosch-Belmar et al., 2021). In the aquaculture farms,
jellyfish can lead to damage to caged fish (Licandro et al., 2010) due to vectors of
pathogens (Bosch-Belmar et al., 2016). There is interspecific competition for nutrition,
resulting in high production mortality rates (Mghili et al., 2021), along with clogging and
interrupting water circulation (Bosch-Belmar et al., 2021). The industry sector could also
be affected by jellyfish blockage of water pipe systems, decreasing productivity, or even

interrupting power and freshwater production (Graham et al., 2014; Purcell, 2005).

Climate change-related environmental precursors of increased jellyfish abundance are
diverse: rising temperatures, ocean acidification and changing circulation patterns. The
rising of sea water temperatures has consequences in the species’ life cycle, their
expansion to higher latitudes (Purcell, 2005; Richardson et al., 2009) and it promotes
water column stratification. Warmer temperatures will alter the synchronicity of fish
larvae with its planktic prey, accelerate medusae growth and development, and change
the timing and duration of life stages (Purcell et al., 2007). Water column stratification
leads to nutrient-poor surface waters and changes in the food web (Gibbons &
Richardson, 2008). Stratification favours the jellyfish over fish because they can better
survive and thrive in dead zones. Primary producers will be replaced by flagellates in
these conditions. These are "low-energy" trophic chains, as opposed to the ones initiated
by diatoms that support fish production (Parsons & Lalli, 2002; Purcell, 2005). Ocean
acidification due to the increase of dissolved carbon dioxide can also benefit jellyfish
indirectly (Attrill et al., 2007), by declining the conditions on calcifying plankton. This
leads to more ecological space for jellyfish. Altered circulation patterns could be a
consequence of climate change that leads to fluctuations in jellyfish abundance (Lynam
et al., 2004). NAO Index (North Atlantic Oscillation) represents local changes in winds,
circulation patterns (North Atlantic Current - NAC) and temperatures. It has an influence
on the abundance and distribution of various species, from phytoplankton to macrofauna

(Gibbons & Richardson, 2008). However, there is still no consensus about the
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relationship of these variations to the overall increase in jellyfish. Some studies found a
negative correlation between jellyfish abundance and NAO index (Lynam et al., 2004),
others found a positive one (Attrill et al., 2007) or even no significant link (Gibbons &
Richardson, 2008). Other processes such as overfishing (decrease of competitive
predators) also play a role in the distribution of jellyfish. The diet of jellyfish is generalist,
including eggs and larvae, as well as juveniles and adults of different fish species. The
decrease of competitive predators through overfishing and intense predation opens an
ecological space for jellyfish to increase as resources become available (Lynam et al.,
2004; Mills, 2001; Purcell, 2005). For example, the collapsed Northern Benguela
upwelling sardine stocks have allowed jellyfish populations to increase significantly
(Lynam et al., 2006). The feeding energy (generated by the trophic web) previously
directed to fish, is then diverted to jellyfish, which causes the food chain to be shifted to
the microbial community. This shift causes changes in biogeochemical processes and
food web structure (Condon et al., 2011).

Understanding the patterns and processes driving natural systems, such as the variability
of jellyfish occurrence, is very important to develop effective management principles. In
this scope, it is necessary to establish baselines of knowledge at different spatial and
temporal scales (Levin, 1992; Wiens, 1989). Ecological processes or patterns may be
scale dependent (Hernandez, 2020; Hobbs, 2003; Thrush et al., 2005), or in other words,
the variables may drive or not the processes or patterns by acting at different scales
(Hobbs, 2003). Thus, it is the sampling methodology that will influence how the ecology
of the species is portrayed, as it depends on the heterogeneity of the natural habitat
(Hernandez, 2020; Wiens, 1989). In addition to scale being important in management and
policy application, it can give different perspectives on the variation in abundance of
populations. This can be misinterpreted for perspective reasons. At short time scales,
blooms can be reported, but if they are analysed at a large time scale, they may occur due
to natural fluctuation. The fact that jellyfish populations have been increasing in specific
regions on a decadal scale requires careful and in-depth research on the drivers of change,
from regional-scale (wind direction) to global-scale, e.g., climate fluctuations (Condon et
al., 2013; Purcell, 2005). There is a lack of long time scale data to understand whether or
not gelatinous zooplankton are actually increasing in the oceans (Condon et al., 2012).
There is a gap in knowledge regarding drivers acting at different scales in these species.

Some can be considered local scales drivers such as currents, tides, and wind. Wind is
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considered by most authors to be a local-scale driver because it plays the largest
contribution in its drift as well as its strength and direction (Ferrer & Pastor, 2017;
Headlam et al., 2020; losilevskii & Weihs, 2009; Prieto et al., 2015), such as the case of
Physalia physalis that sails with its pneumatophore aligned with the wind direction.
Others are considered global drivers, such as temperature, which influences the growth,
life cycle and reproduction of the species (Purcell, 2005). Knowing what drives influence
occurrences the most and under what conditions they appear, allows us to develop
management strategies (Condon et al., 2013; Ferrer et al., 2015). Because the increased
abundance of these animals causes major impacts at various scales, it is necessary to know
the drivers of the species at different scales. Only then it is possible to predict its
occurrence and create measures to deal with it. With this information, we can alert coastal
services about strandings and prevent health problems mentioned earlier. To prevent
economic losses in the tourism sector the cleanliness of the beaches in question should be
reinforced. Due to their dangerous nature, it is very important to know more about the

species and predict these types of events in the future.

Physalia physalis, the Portuguese Man-of-War is a pleuston, hydrozoan that belongs to
the order Siphonophorae (Bardi & Marques, 2007). Despite being a conspicuous and
cosmopolitan species in the Atlantic (Munro et al., 2019), information about the ecology
and behaviour of the dangerous P. physalis remains scarce (Ferrer et al., 2015; Ferrer &
Gonzélez, 2021; Munro et al., 2019), precluding adequate conservation and management

strategies.

The main objectives of this work are to (1) understand the environmental drivers that
explain the occurrence of P. physalis at a macroecological scale (the North Atlantic
Ocean) and at a regional scale (Faial Island from the Azores archipelago) and (2) predict
its distribution and temporal trends. In line with additional studies (e.g., Ferrer et al.,
2015; Ferrer & Gonzélez, 2021; Headlam et al., 2020; Macias et al., 2021; Prieto et al.,
2015), machine learning models were produced to infer the species drivers by linking
climate data and occurrence datasets. This work serves to improve the ecological
knowledge of P. physalis and provide baselines for conservation and management
actions, especially in the face of future climate change since the warming of the oceans

may benefit the occurrence of the species (Canepa et al., 2020).
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Methods

Focal species
The present study focus on Physalia physalis, a cosmopolitan pleustonic siphonophore

widely distributed in tropical, subtropical and temperate regions of the Atlantic Ocean (as
far as the British Isles), where it strands along shorelines (Castriota et al., 2017). P.
physalis is a colony of different zooids, where each zooid has its function. Even with the
current nomenclature problems that do not quite sort out the genus, the additional species
of Physalia only occur in the Pacific Ocean - P. utriculus - (Pontin & Cruickshank, 2012),
being P. physalis exclusive to the Atlantic (Pontin & Cruickshank, 2012, suggest a

taxonomic revision of the genus).

Climatic predictors and biodiversity data collection
We used individual distribution models to explain and predict the occurrence of P.

physalis at contrasting spatial and temporal scales: (1) a macroecological scale — Atlantic
Ocean, approximately 72.5°N to 0°N, and (2) a regional scale — Faial Island, central group
of the Azores archipelago, approximately 38.5°N to 38.6°N and 28.8°W to 28.5°W, from
2008 to 2021.

The predictors considered in both the macroecological and regional scales were primary
productivity, as total primary production of phytoplankton (milligrams of carbon per
cubic meter per day) and total phytoplankton (millimoles per cubic meter), wind and
ocean patterns (speed and direction), minimum and maximum temperature. These
predictors were chosen based on what is currently known about the drivers of the species
occurrence (Elith & Leathwick, 2009): the occurrence of Physalia physalis is influenced
by primary productivity, as a predictor derived from phytoplankton and is a direct
indicator of nutrient availability (Lucas et al., 2014), with increasing values leading to
jellyfish outbreaks (Aouititen et al., 2019). The speed and direction of the prevailing
winds influence Physalia physalis, as its pneumatophore is dragged by the wind, like a
sail (losilevskii & Weihs, 2009). The speed and direction of the ocean currents influences
Physalia physalis since it is a planktonic organism and is therefore unable to move against
the broad patterns of ocean currents (Graham & Hamner, 2001). Increasing temperature
causes may cause an increase in growth and reproduction rates as in other gelatinous

plankton species (Aouititen et al., 2019).

24



Macroecological data
The North Atlantic Ocean was the considered study region for a macroecological scale

approach. Occurrence data was obtained from online biodiversity repositories, the
available literature and museum collections. We accessed big data repositories such as
the Global Biodiversity Information Facility (GBIF; source: World Hydrozoa Database
in Schuchert, 2020), Ocean Biodiversity Information System (OBIS), iNaturalist,
Jellyfish Database Initiative (JeDlI), Jellywatch and Integrated Digitized Biocollections
(iDigBio). We also considered the studies of Araya et al., 2016; Bergier et al., 2013; Bo
etal., 2020; Castriotaetal., 2017; Cavalcante et al., 2020; Cazorla-Perfetti & Posso, 2015;
Ekwu & Sikoki, 2005; Fathalli et al., 2020; Ferrer et al., 2015; Flores-Galicia & Cruz-
Francisco, 2018; Junior et al., 2013; Lopes et al., 2016; Luana, 2017; Lucas et al., 2014;
Mghili et al., 2021; Munro et al., 2019; Scott-Frias & Jorquera, 2020; Tiralongo et al.,
2022; Torres-Conde et al., 2021; Woodcock, 1944. Regarding museum collections, we
considered the collection of the Yale Peabody Museum of Natural History, available at
https://collections.peabody.yale.edu/search/ to date (06/04/2022) and the collection of the

Smithsonian National Museum of Natural History, Department of Invertebrate Zoology

Collections, available on https://collections.nmnh.si.edu/search/iz/ to date (06/04/2022).

The compilation of P. physalis distribution from the available records - Figure 2.25 - see
supplements. Environmental data for the macroecological scale approach was obtained
from Bio-ORACLE. This is a platform making available geophysical, biotic, and climatic
data as raster layers at a spatial resolution of 0.08°, approximately 9km at the Equator.
Both spatial and temporal variables are consistent with the biological response being
modelled. The dataset was prepared to be used in modelling by removing non available

data (NAs), duplicates and overland occurrence records.

Regional data
For a regional scale approach, presence and absence data were provided by the Atlantic

Naturalist Association under project MONIJELLY'. This dataset consists of beach-based
surveys of stranded P. physalis, registered routinely from 2008 to 2021 (at least every 15
days, yet with some yearly interruptions) (Table 2.3 and figure 2.12). Surveys were done
on five beaches in Faial Island (Azores), namely Faja, a rocky and sandy beach in the
northwest, Almoxarife beach in the southeast of the island, Conceic¢do beach and Porto
Pim beach (sheltered sandy bay) and in Porto da Feteira, a rocky beach in the south
(Figure 2.1).
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Figure 2.1 - Sampling location on Faial Island on black dots. From left to right are the beaches of Faja, Feteira, Porto
Pim, Conceicao and Almoxarife. Presence and absence of P. physalis were recorded during 144 coastal surveys.

Environmental data at the regional scale was collected from Copernicus Marine and
Environment Monitoring Service (CMEMS). This provides up-to-date information on the
physics and related biogeochemistry of the Global Ocean and European Seas on monthly
basis, from 1993 to 2021 (Figure 2.17-2.24 of supplements). The temporal resolution of
CMEMS data is consistent with the presences and absences data (2008-2021). The dataset
of stranded P. physalis was prepared to use in the model by removing NAs, and by

aggregating data per month (date, location and presence).

Modelling approach
We chose the machine-learning algorithm boosted regression trees (BRT) to perform

species distribution modelling. This combines the advantages of both regression trees and
boosting algorithms. It can handle interaction effects between different predictors
(environmental data) and various response variables (species occurrence) and
accommodates missing data. BRT fits complex nonlinear relationship, avoid overfitting
and enables models transferability through proper hyperparametrization and forced

monotonicity which increases the level of generality (Assis et al., 2017).
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Correlation tests between predictors were conducted to determine which predictors could
be included in the model, in macroecological and regional scales (Figure 2.15 -
supplements). To this end, we first analyzed the effect between wind patterns (direction
and intensity), against the effect of ocean currents patterns. And, also, the effect of total
phytoplankton, against the primary production of phytoplankton. The performance of the
various variables was assessed by comparing the following statistic values: total sum of
squares, sensitivity, specificity and AUC for macroecological scale and threshold, AUC,
omission rate, sensitivity, specificity, proportion of correctly predicted and kappa for

regional scale.

To perform the BRT model algorithm, it is necessary to have information on presences
and absences of the chosen species. In the case of the macroecological scale there was a
lack of species absence data. Therefore, artificial absence data or pseudo absences were
randomly generated. Pseudo absences need to be the same number as presences (Barbet-
Massin et al., 2012). At the regional scale were used presences and absences. Observation
and environmental information were combined. The machine learning algorithm
overfitting and complexity was controlled by the best combinations of hyperparameter
values using cross-validation and monotonicity constraints (Assis et al., 2017). An
automated gridSearch approach (SDMtune package in R studio) was chosen, which
searched all possible combinations of values: a range of learning rates (0. 1, 0.01, 0.001)
and tree complexities (from one to four, in steps of one), for the macroecological scale
approach and a range of learning rates (0.01, 0.005, 0.001, 0.0005, 0.0001), tree
complexities (2-4), bag fraction (0.1 to 0.9, step 0.1), number of trees (50 to 500, step 50)
and minimum observations per node (5 to 10, step 1) for the regional scale approach.
Predictors were forced to produce different monotonic responses. For the
macroecological approach: a negative monotonicity response was defined for maximum
temperature (i.e., high values result in the absence of species), non-monotonicity for
ocean currents and wind direction, and positive monotonicity response for productivity
and minimum temperature (i.e., higher values will result in the presence of species). For
the regional approach was defined non-monotonicity response for sampling location and
wind direction and positive monotonicity response for productivity, temperature and wind

speed.
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Both scales’ models were evaluated by determining its performance as the area under the
curve (AUC) and the relative variable contribution. Model complexity was reduced by
dropping one variable at a time in order to get a more parsimonious model. Predictors
resulting in contributions below 5% were not considered. Response curves were evaluated
for ecological realism, to understand if the model was consistent with the previous
ecological knowledge (Elith & Leathwick, 2009).

The model at the macroecological scale (North Atlantic) allowed the prediction of the
occurrence of the species, through the production of maps, according to the environmental
conditions. At the regional scale, the model allowed us to predict a time series of P.
physalis occurrence from 1993 to 2021. To detect the trend of the species occurrence was
performed a decomposition of the predicted time series by using the average probability

of occurrence predicted and its seasonality.

Results

Macroecological scale
Distribution records to model the distribution of P. physalis were compiled along the

Atlantic Ocean from available literature records (see methods) in one dataset with 7643

coastal and offshore presences.

Table 2.1 — Accuracy of predictive models developed for Physalia physalis in the Atlantic
Ocean. Model variables (Model_var) — water (direction and speed), wind (direction and
speed), primary production of phytoplankton (PP), total phytoplankton (phyt) - threshold,
true skill statistics (TSS), sensitivity (sens), specificity (specif), AUC of reduced model.
The model with the best accuracy is highlighted in bold.

Model_var threshold TSS sens specif AUC
Wind (speed and direction), PP 0.55 0.575844 | 0.823204 | 0.75264 0.871898
Wind (speed and direction), Phyt | 0.54 0.617747 | 0.834937 0.782809 | 0.889503
Water (speed and direction), PP | 0.46 0.715795 | 0.865260 | 0.850534 | 0.890667
Water (speed and direction), Phyt | 0.59 0.686595 | 0.808174 | 0.878421 | 0.873603
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By testing different combinations of predictions, we verified that the model including
water direction and speed, as well as primary production, was the one with better accuracy
(threshold =0.46 - assess the agreement between observed data and the model output -,
true skill statistics=0.715795, sensitivity=0.865260, specificity=0.850534 and AUC of
reduced model=0.890667; Table 2.1).

Relative importance of predictors

Primary._productivity -

Minimum_temperature -

Predictor

Currents_direction -
0 10 20 30 40
Relative importance (%)

Figure 2.2 - Relative importance of each environmental predictor in the reduced model used to model the
distribution of P. physalis for the macroecological scale.

The environmental predictors that contribute the most to explaining the distribution of P.
physalis at a macroecological scale were primary productivity, minimum temperature and
the direction of ocean currents. Maximum temperature and water speed were the
predictors that less explained the distribution at the macroecological scale, and therefore

were excluded from the reduced model (Figure 2.2).
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Figure 2.3 - Partial dependency plots showing the effect of primary productivity at the sea surface, direction of ocean
currents and minimum temperature at the sea surface in the probability of occurrence of P. physalis.

At the macroecological scale, the partial dependence plots show the occurrence of P.
physalis when productivity is higher than 0.44 mgC/m? /day (top left panel) and water
temperature is higher than 12.07°C, with a significant increase in the probability of
occurrence starting at 26.71°C (bottom left panel). P. physalis will most likely occur in
regions with well-defined patterns of the direction of ocean currents, specifically between
223.79°-232.90° - Southwest - and between 322.68°-14.31° - North-Northwest and North

- (top right panel) — Figure 2.3.
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Probability of occurrence of P. physalis in North Atlantic

Longitude

Figure 2.4 - Probability of P.physalis occurrence in the Atlantic Ocean. The black square locates the Azores
archipelago.

The probability of occurrence of P. physalis in the Atlantic Ocean is highest in coastal
areas, on both Atlantic coasts, where the habitat is highly suitable for the species. The
coastal areas with the largest area and highest probability of occurrence are the Northeast
of South America, the West African coast and the coast of the Florida peninsula. In fact,
the Portuguese man-of-war is a common siphonophore in the Gulf Stream along the East
coast of Florida (Jenkins, 1983). These areas of high probability of occurrence extend to
the open sea, far exceeding the coastal area. Although less extensive, there is a high
habitat suitability in the Gulf of Mexico, Caribbean Sea and Greater Antilles, as well as
throughout the European west coast, the Mediterranean and British Isles. In the open
ocean, on the other hand, the species has a generally lower probability of occurrence.
There is a higher probability of occurrence in warmer areas (Tropic of Cancer) and a
lower probability in colder areas, and it decreases significantly until it disappears near the
pole (Arctic Circle). In the North-Northwest Atlantic Ocean, there is a large offshore area
with a high probability of occurrence of the species. The same is true in the northeast,
with a smaller area. In the central gyre of the North Atlantic, the habitat is less suitable
for the presence of the species and therefore the probability of occurrence of the species

is lower (Figure 2.4).
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Regional scale
Distribution records to model the distribution of P. physalis were recorded during 142

coastal surveys along the coast of Faial Island, which retrieved 82 presences and 60

absences from 2008 to 2021, with interruptions.

Table 2.2 — Accuracy of predictive models developed for Physalia physalis in Faial

Island. Model variables (Model _var) - ocean currents (currents), wind, primary

production of phytoplankton (PP), total phytoplankton (phyt) - deviance explained (DE),

threshold, AUC, omission rate (OR), sensitivity (sens), specificity (specif), proportion of

correctly predicted (PCP). The model with the best accuracy is highlighted in bold.

Model_var DE Threshold AUC OR sens specif | PCP
currents_Phyt | 0.8090377 | 0.4724725 | 0.979167 | 0.041667 | 0.9583333 | 1 0.96875
currents PP | 0.4177847 | 0.7797798 | 0.895833 | 0.083333 | 0.9166667 | 0.875 | 0.90625
wind_PP 0.9283478 | 0.5835836 | 1 0 1 1 1
wind_Phyt 0.7054833 | 0.7667668 | 0.9375 0.125 0.875 1 0.90625

By testing different combinations of predictions, we verified that the model fitting wind

direction and intensity and primary production of phytoplankton was the one with better
accuracy (deviance explained=0.9283478, threshold=0.5835836, AUC=1, omission
rate=0, sensitivity=1, specificity=1, proportion of correctly predicted=1 and kappa=1;

Table 2.2).

Predictor
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Figure 2.5 - Relative importance of each environmental predictor in the model used to model the distribution of P.
physalis for the regional scale.
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The environmental predictors that contribute the most to explaining the distribution of P.
physalis at a regional scale were wind direction, followed by productivity and wind speed.
The sampling site (beach) and regional temperature were the predictors that had a lower
ability to predict the distribution at the regional scale and therefore were excluded from

the reduced model (Figure 2.5).
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Figure 2.6 - Partial dependency plots: the effect of wind origin direction, wind speed, primary productivity in the
probability of occurrence of P. physalis — from top to bottom and from left to right.

The partial dependency plots show that P. physalis has a higher probability of occurrence
at the regional scale when the wind blows towards 38.61°-75.32° and 87.97°-191.77°
(Northeast and East-northeast, East to South, respectively), i.e., when the wind is blowing
from Southwest and West-Southwest, West to North (top left panel). The probability of
occurrence is highest when productivity is higher than 0.36 mgC/m? /day (top right panel),
with wind speed higher than 1.03 m/s (bottom right panel) (Figure 2.6).
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Figure 2.7 - Time series occurrence prediction from 1993 to 2021, per month.

Decomposition of additive time series

observed

090 04 08

trend
00 0B3 06
| S I I N N N N A A |

oo
L

random seasonal

-1.0

1995 2000 2005 2010 2015 2020
Time

Figure 2.8 — Additive decomposition of prediction occurrence data (observed) from 1993 to 2021. Three components
trend, seasonal and random are shown.
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Figure 2.9 - Trend-cycle component of events per month. The trend cycle ignores the seasonality and small
fluctuations.
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The predicted probability of occurrence of the species has been different from year to
year since 1993 (Figure 2.7). The decomposition of this prediction showed higher
occurrence in the summer months, specifically June through September, and a lower
occurrence in the winter months, November through March (Figure 2.16 - supplements).
The probability of occurrence of P. physalis, removing the effect of seasonality and small
fluctuations, has a sigmodal trend from 1993 to 2021. In the years 1994 to 1996 the model
predicted a low probability of occurrence, followed by an increase, with a maximum in
the years 1996 to 1999 and 2002 to 2004. In the following years the results show a
decrease in probability, especially in the years 2007 and 2012, 2013. Recently, the results
showed a sharp increase in the probability of occurrence starting in 2018, with a
maximum in 2020 and 2021 (Figure 2.8 and 2.9).

Discussion
This study inferred the major environmental drivers shaping the distribution of an

important species. Machine learning distribution models performing with high accuracy
showed that different drivers acted at different scales. At the macroecological scale the
distribution of the species is mostly driven by primary productivity, temperature and
currents direction, while on the regional scale is driven by wind patterns and primary
productivity. This corroborates the general message that currents, drifting winds and open
ocean currents are the drivers that best shape the distribution, and for the first time, the
study highlights the role of primary productivity. The results allowed us to propose which
areas are most suitable for the species in the North Atlantic and also to reconstruct a
timeseries at regional scale that showed high temporal variability, with higher probability
of occurrence in the periods of 1996-1999, 2002-2004 and recent years. This information,
unknown until now, is crucial for ecology, but also as a baseline to guide management
actions. Particularly in the face of future climate change, since ocean warming seems to

benefit the occurrence of the species.

Drivers and macroecological patterns

The macroecological model run with good performance, capturing 85% of the presences
and allowed exploring the main drivers of the species. At the macroecological scale the
distribution of P. physalis is mainly explained by primary productivity, temperature and
ocean patterns. The model’s results show the higher the temperature and productivity, the

higher the probability of occurrence. Several studies relate the occurrence of jellyfish or
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even large groups of P. physalis to areas of high coastal productivity - upwelling areas
and large rivers - (Cavalcante et al., 2020) and consequently to the high productivity of
the trophic web of marine ecosystems (Gibbons & Richardson, 2008; Graham et al.,
2014). Other studies also show the species occurrence at high temperatures (Torres-
Conde et al., 2021). At a lower extent we also found a relationship between our species
and ocean currents. This was unknown until now, due to scarce information on the species
ecology, although it had previously been related to remarkable fluctuations in local
jellyfish population densities (Gibbons & Richardson, 2008; Johnson et al., 2001). The
model points to a greater increase in the probability of occurrence of the species when the
direction of ocean currents is between Southwest, North-Northwest and North. These
conditions favoured the occurrence of the species on both Atlantic coasts (Figure 2.4).
Note that the western part of the North Atlantic has a noticeably higher probability of
occurrence of the species than the eastern part. Overall, regions with the highest
probability of occurrence are the warmest and most productive coastal zones and where
marine offshore currents predominate (Figure 2.10). Take for example in the Northeast
of South America, the coast of West Africa, and the coast of the Florida peninsula. The
largest offshore area with the highest probability is in the North-Northwest Atlantic, at
the same latitude as the Azores archipelago. The second largest area is located in the
Northeast Atlantic (Figure 2.4).

Drivers and regional patterns

At the regional scale, models had an excellent performance, with the ability to capture
100% of the presences. Models showed a higher probability of regional occurrence with
increasing productivity levels and wind patterns originated from Southwest, South-
southwest, West and North. These are the proximal regions with the highest probability
of occurrence at the macroecological level (North-Northwest of Atlantic Ocean). This
may be due to the location of the currents and their directions relative to the Azores. The
Gulf Stream gives rise to the Azores current (Bashmachnikov et al., 2004; Caldeira &
Reis, 2017), which is going to transport P. physalis until Faial Island, from lower latitudes
(Figure 2.10). In addition to wind direction, wind speed is also important. The results
show a higher P. physalis probability of occurrence when the wind speed is higher than
1 m/s. This is in line with other studies, where the wind component is significant even at
low speeds, such as 5 m/s (Headlam et al., 2020; Prieto et al., 2015). The importance of

wind has been proven as well as in other studies (Bourg et al., 2022; Ferrer et al., 2015;
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Ferrer & Gonzélez, 2021; Headlam et al., 2020; losilevskii & Weihs, 2009; Macias et al.,
2021). Just as at the macroecological scale, primary productivity was very important at
the regional scale, higher productivity levels result in a higher probability of occurrence

of the species.
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Figure 2.10 - Overlapping maps of the probability of species occurrence in the North Atlantic combined with surface
circulation adapted from (Bonfardeci et al., 2018). The black square locates the Azores archipelago and red arrows
the main ocean currents.

This regional-scale model when used in a timeseries decomposition analysis allowed us
to infer seasonality patterns. We detected that the months of highest occurrence are from
March to October (Figure 2.16 - supplements) which is in agreement with data from
Azores (gelavista.ipma.pt) and from studies in the North Atlantic (Mghili et al., 2021;
Pikesley et al., 2014). The fluctuations over time (1993 to 2021 - Figure 2.8/2.9) show a
sigmodal trend, over almost three decades, and these large seasonal fluctuations are in
line with the literature (Purcell, 2005). The model predicted a low probability of
occurrence followed by an increase in the years between 1999-2004. This prediction is
supported by other jellyfish population studies (Condon et al., 2013; Gibbons &
Richardson, 2008). The probability of occurrence decreased during the years 2004-2013,
until it reached lower probabilities in 2013. If we compare the sigmoid curve (Figure 2.9),
the probability of occurrence of this year, although lower, it is higher than the probability

of the years 1993-1996. From 2014 onwards there was a considerable increase in the
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probability of occurrence of the species. These fluctuations demonstrate not an
occurrence increase of the P.physalis in the Azores, but rather oscillations on long-term,
in line with climatic oscillations (Condon et al., 2012, 2013).

Expectations in the face of future climate change

This study allowed us to understand which drivers mediate the species. The fact that
temperature and productivity are determinants on both global and regional scale poses
challenges that we must acknowledge. The projected rising sea water temperatures may
have consequences in species’ life cycle, their expansion to higher latitudes and it is
promoting water column stratification. Warmer temperatures will modify the
synchronicity of fish larvae with its planktic prey, accelerate medusae growth and change
their life cycle (Purcell et al., 2007); Water column stratification are favouring the
jellyfish over fish, because they can survive and even reproduce in dead zones.
Stratification will lead to nutrient-poor surface waters and reduced levels of primary and
secondary productivity (Richardson & Gibbons, 2008). This will act as a change in the
food web. Warming temperatures will contribute to an expansion and shift of the
distribution of jellyfish poleward (Purcell et al., 2007; Richardson et al., 2009). The
suitable habitats' expansion increases the possibility that there will be a higher incidence

of stings and medical issues (Graham et al., 2014).

Net primary productivity (NPP) is the first link in open-ocean marine food webs (Bopp
et al., 2013) and it is the energy source for higher trophic levels (Loscher et al., 2015).
NPP depends on the amount of nutrients available at a given location (surface macro-
nutrient concentrations), the stratification of the water layers, mixed-layer depth, and
water circulation patterns (Steinacher et al., 2010). Different authors and different types
of models agree on a predicted decline of NPP in the future as a consequence of
anthropogenic global warming, either at the North Atlantic level or globally (Bopp et al.,
2013; Kwiatkowski et al., 2019; Steinacher et al., 2010). Primary productivity will
strongly decrease in most North Atlantic, with few exceptions - Figure 2.11 - (Laufkotter
et al., 2015; Nakamura & Oka, 2019; Steinacher et al., 2010) while polar regions will
have a mild increase (Steinacher et al., 2010). The regions most affected in North Atlantic
will be between 20° S and 65° N (Steinacher et al., 2010), in which the Azores archipelago

is included, as well as the Atlantic subtropical gyre (Kwiatkowski et al., 2019).
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According to estimations, it can be expected that in the future temperature increases and
primary productivity decreases in the North Atlantic. At a finer scale it is possible to say
that the region of the Azores Archipelago, where today the species has a great possibility
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Figure 2.11 - Difference in NPP between the RCP 8.5 (2070-2099) mean and the historical mean (i.e., ANPP) from the
CMIP results. Adapted from (Nakamura & Oka, 2019).

of occurrence, may become a region with lower levels of primary productivity and,
consequently, with less occurrence of the species. The species is more likely to occur the
greater the increase in both temperature and productivity. Thus, we predict that the species
might have a higher occurrence at higher latitudes because it might follow the decrease

in productivity and move poleward.

In terms of conservation, we can say that P. physalis is a species indicator of major
disturbances like climate change, by being so cosmopolitan and resilient (Canepa et al.,
2020). It will be easier for the species surviving and persisting in the new climate if
climate predictions hold. Human intervention may be needed in its management, as well
as many other species of jellyfish. Richardson et al., (2009) show several potential
management responses, not all of which apply to the P. physalis species. In the short term,
a management possibility could be to develop jellyfish products for consumption and
medicine, to mechanically destroy it in the water column or to do so using bioagents. It
is possible to prevent larvae settlement by reducing artificial structures, strengthen and
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improve protocols for cleaning of boat hulls and treatment of ballast water, and to prohibit
translocation of the species. In the long term, eutrophication should be reduced, increase
fisheries management, reduce overfishing, and minimize global warming through
increased energy efficiency. It is also noted in the same study that it is necessary to
combine more than one technique to achieve results (Richardson et al., 2009). Thus, it is

necessary that research on these beings continues because knowledge is still limited.

Limitations of the models
Despite the models' good performance, they have limitations that must be discussed. Our

macroecological model resulted in high accuracy, but it was highly dependent on records
of occurrence. There are no long-term abundance data from jellyfish in Atlantic open
ocean waters, neither of presence nor seasonality, which limits the model (Figure 2.25).
This is a difficulty that will take time to overcome, due to the complexity of economic
and human resources required to do offshore surveys. There is a lack of study in this area
(Gibbons & Richardson, 2008). Even with a possible bias in the data for the reasons
explained above, it is possible to say that the model matches up with the knowledge we

have today.

The regional model is limited to data from Faial Island, even though the sampling points
were five, in different directions of the island, North, South and East coast. Thus,
generalizations should be careful, particularly relating to the main quadrant of P. physalis
provenance, as this may be affected by island proximity or particular coastal morphology.
It is not possible to generalize the model results to the other islands, as well as the other
island groups (western and eastern) belonging to the same archipelago. A limiting factor
for stranding detection and data sampling (Faerber & Baird, 2010) in the Azores
Archipelago is the morphology of most of the islands, which, being volcanic, contain

steep coast (Costa et al., 2014) and many places of difficult access.

Conclusion

To conclude, the most important drivers at the macroecological scale are primary
productivity, temperature and currents direction and at the regional scale are wind patterns
and primary productivity. Our results coincides with the study of Macias et al., (2021),
where only the variables of hydrodynamics and wind conditions were used. Both models,
regional and macroecological, performed well and fulfilled their purpose. The main

drivers for the occurrence of P. physalis at both spatial scales were found and it was
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possible to predict the occurrence of P. physalis at a spatial scale in the North Atlantic
and also at a large temporal scale on Faial Island. This study made it possible to map the
probability of occurrence of the species for the North Atlantic, which can serve as a
baseline for the management of the species. Contrary to what would be expected, in the
Azores, Physalia physalis abundance does not appear to be increasing, but rather
oscillations on a scale of decades. It can be said that temperature and productivity are
determinants on both a global and regional scale for the occurrence of species. Climate
change might cause changes at this level, and this will have effects in the near future.
Thus, it will be necessary to consider short- and long-term management policies, due to

the major socio-economic and health impacts that this species has.
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Supplements

Ecological modelling data

P.physalis distribution along the Atlantic Ocean in one dataset with 7643 presences

(longitude and latitude). Data used in macroecological approach available in:

https://figshare.com/s/8b0bbfl16adf41bf07eed

Table 2.3 — Data provided by Atlantic Naturalist Association with date, sampling location
(PA:Praia do Almoxarife; PC: Praia da Conceicdo; PP: Praia de Porto Pim; PFet: Praia
da Feteira; PFaj: Praia da Fajé ), presence of Physalia physalis (1:yes; 0:no) and number

of individuals.

Year Month Day Location Beach Present Number
2008 3 20 Coast PA 1 246
2008 3 28 Coast PA 0 0
2008 3 29 Coast PA 0 0
2008 3 30 Coast PA 0 0
2008 3 31 Coast PA 0 0
2008 4 1 Coast PC 0 0
2008 4 2 Coast PC 1 >100
2008 4 3 Coast PC 0 0
2008 4 4 Coast PA 1 NA
2008 4 5 Coast PA 1 37
2008 4 6 Coast PA 0 0
2008 4 7 Coast PC 0 0
2008 4 8 Coast PC 0 0
2008 4 8 Coast PA 0 0
2008 4 9 Coast PA 0 0
2008 4 10 Coast PC 1 0
2008 4 11 Coast PP 1 23
2008 4 12 Coast PP 1 NA
2008 4 13 Coast PP 1 13
2008 4 13 Coast PC 1 NA
2008 4 14 Coast PC 1 NA
2008 4 15 Coast PP 1 >100
2008 4 16 Coast PP 1 64
2008 4 17 Coast PP 1 55
2008 4 18 Coast PP 1 128
2008 4 19 Coast PP 1 NA
2008 4 20 Coast PP 1 NA
2008 4 22 Coast PP 1 NA
2008 4 23 Coast PP 1 40-100
2008 4 24 Coast PP 1 104
2008 4 26 Coast PP 0 NA
2008 4 27 Coast PP 0 NA
2008 4 28 Coast PP 0 0
2008 4 29 Coast PP 0 0
2008 4 30 Coast PP 0 0
2008 5 1 Coast PP 0 0
2008 5 2 Coast PP 0 0
2008 5 3 Coast PP 0 0
2008 5 6 Coast PP 1 23
2008 5 7 Coast PP 1 7
2008 5 9 Coast PP 1 62
2008 5 11 Coast PP 1 73
2008 5 12 Coast PP 1 8
2008 5 13 Coast PP 1 434
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2008 5 14 Coast PP 1 35
2008 5 20 Coast PP 1 250-300
2008 5 24 Coast PP 0 NA
2008 6 4 Coast PP 1 8
2008 6 5 Coast PP 1 0
2010 1 5 Coast PP 1 0
2010 2 3 Coast PP 1 NA
2010 2 4 Coast PFet 1 NA
2010 2 5 Coast PFet 1 NA
2010 2 6 Coast PFet 1 NA
2010 2 7 Coast PFet 1 NA
2010 2 8 Coast PP 1 NA
2010 2 9 Coast PP 1 NA
2010 2 10 Coast PP 1 NA
2010 2 16 Coast PP NA NA
2010 2 17 Coast PP 0 NA
2010 2 18 Coast PP 0 NA
2010 2 19 Coast PP 1 NA
2010 2 20 Coast NA NA NA
2010 2 28 Coast PP 1 NA
2010 3 2 Coast PP 0 0
2010 3 3 Coast PP 1 NA
2010 3 7 Coast PP 1 27
2010 3 27 Coast PP 1 800-1500
2010 6 2 Coast PP 1 NA
2016 6 3 Coast PP 1 600
2016 6 4 Coast PP 0 0
2016 6 5 Coast PP 1 130
2016 6 7 Coast PP 1 750
2016 6 8 Coast PP 1 450
2016 6 10 Coast PA 1 3
2016 6 11 Coast PP 1 700
2016 6 13 Coast PP 1 550
2016 7 25 Coast PP 0 0
2016 8 9 Coast PP 0 0
2016 8 26 Coast PP 0 0
2016 11 20 Coast PP 0 0
2016 11 22 Coast PP 0 0
2016 11 23 Coast PP 0 0
2016 11 24 Coast PP 0 0
2016 11 25 Coast PP 0 0
2017 2 20 Coast PP 0 0
2017 3 2 Coast PP 0 0
2017 3 3 Coast PP 1 NA
2017 3 4 Coast PP 1 NA
2017 3 5 Coast PP 1 NA
2017 3 6 Coast PP 1 351
2017 3 8 Coast PP 1 43
2017 3 11 Coast PP 0 0
2017 3 12 Coast PP 0 0
2017 3 28 Coast PP 1 86
2017 6 1 Coast PP 0 0
2017 6 9 Coast PP 1 72
2018 1 10 Coast PP 0 0
2018 1 15 Coast PP 0 0
2018 1 18 Coast PP 0 0
2018 1 25 Coast PP 0 0
2018 3 12 Coast PP 0 NA
2018 3 16 Coast PP 0 0
2018 3 23 Coast PP 1 17
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2018 3 28 Coast PP 0 0
2018 3 30 Coast PP 0 0
2018 4 2 Coast PP 0 0
2020 3 4 Coast PP 1 85
2020 3 10 Coast PP 1 7
2020 3 13 Coast PP 0 0
2020 3 31 Coast PP 0 0
2020 4 6 Coast PP 1 >1000
2020 4 30 Coast PP 1 NA
2020 5 4 Coast PP 1 >1000
2020 5 8 Coast PP 1 >1000
2020 5 11 Coast PP 1 13
2020 5 15 Coast PP 1 80-90
2020 5 18 Coast PP 1 177-230
2020 5 22 Coast PP 1 67-200
2020 5 25 Coast PP 1 181
2020 5 29 Coast PP 1 10
2020 6 1 Coast PP 0 0
2020 6 5 Coast PFaj 1 >1000
2020 6 8 Coast PP 0 0
2020 6 12 Coast PP 0 0
2020 6 15 Coast PP 0 0
2020 6 19 Coast PP 1 42
2020 9 9 Coast PP 0 0
2020 9 15 Coast PP 0 0
2020 9 15 Coast PP 0 0
2020 9 15 Coast PP 0 0
2020 7 3 Coast PP 0 0
2020 7 22 Coast PP 0 0
2021 5 25 Coast PP 1 3
2021 5 26 Coast PP 1 8
2021 6 4 Coast PP 1 2
2021 6 5 Coast PP 1 11
2021 6 13 Coast PP 0 0
2021 6 28 Coast PP 1 1
2021 6 29 Coast PP 1 13
2021 7 1 Coast PP 1 2
2021 7 2 Coast PP 1 3
2021 7 3 Coast PP 0 0
2021 7 5 Coast PP 1 8
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Population Dynamics

Observations of Physalia physalis stranded in Azores
Average of observations per month per year
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Figure 2.12 - Average observations of Physalia physalis stranded in Faial Island, Azores per month per year.

Average length of Physalia physalis stranded in Azores
Average length per month per year
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Figure 2.13 - Average length of Physalia physalis’ pneumatophore done in Faial Island, Azores per month per year.
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Average width of Physalia physalis stranded per month per year in Azores
Average width per month per year
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Figure 2.14 - Average width of Physalia physalis’ pneumatophore done in Faial Island, Azores per month per year.

In the years 2010, 2016 and 2020, there were many observations of P. physalis on average
on Faial Island, Azores (Figure 2.2). However, regarding pneumatophore size, more data
is available for the years 2008, 2020 and 2021, (Figure 2.3). It is possible to see an
increase, on average per month, in the length of the individuals during the years 2008 and
2020 and an increase, on average per month, in the width of the individuals during the
year 2020, (Figure 2.4).

Ecological Modelling
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Figure 2.15 - Correlation between environmental variables used in the model.

Productivity is correlated with total phytoplankton, they are collinear. Temperature and

wind speed are negatively correlated; when it is windy, the temperature tends to drop.
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Seasonal occurence per month
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Figure 2.16 - Seasonal occurrence of Physalia physalis per month in Faial Island.

The effect of seasonality shows a higher occurrence in the summer months, specifically

from June to September, and a lower occurrence in the winter months, from November

to March.

Climatic Data
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Figure 2.17 - Wind components in Faial Island, Azores from 1993 to July 2021: Eastward wind, Northward wind,

wind direction and speed — from top to bottom and from left to right.
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On the top left panel, it is possible to see which winds come from the East (positive
values) and which come from the West (negative values). On the top right panel, you can
see which winds come from the North (positive values) and which come from the South
(negative values) and their average speed per month. The bottom left panel shows that in
the years 2000-2001, 2002-2004, 2009-2010, 2015-2017 and from 2021 onwards there
was a predominance of winds from directions of the first and second quadrant (0°-180°).
In the bottom right panel, you can see the different wind speeds and an oscillation between

them.
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Figure 2.18 - Total phytoplankton in Faial Island, Azores in millimoles per cubic meter.

Total Primary Production of Phytoplankton in Faial Island
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Figure 2.19 — Total primary production of phytoplankton in Faial Island, Azores in milligrams of carbon per cubic meter
per day.

Total phytoplankton has remained more or less constant in recent years. In early 2019,
there was a decrease, followed by a productivity peak in early 2021 (Figure 2.7). Total
primary production of phytoplankton had some high peaks in 1997, 2002, 2003, 2005,
2011, 2019, 2020 and 2021 (Figure 2.8).
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Temperature in Faial Island
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Figure 2.20 - Temperature in Faial Island in Celsius degrees.

The temperature in Faial Island oscillates between 15°C and 25°C, according to the
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Figure 2.21 - Ocean currents components in Faial Island, Azores from 1993 to July 2021: Eastward, Northward, direction and speed of
currents — from top to bottom and from left to right.

On the top left panel, it is possible to see which ocean currents originated from the East
(positive values) and which come from the West (negative values). On the top right panel,
you can see ocean currents originated the North (positive values) and from the South
(negative values) and their average speed per month. The bottom left panel shows that in
the years 1996, 2000-2001, 2006-2008, 2013-2016 and 2018-2019 there was a
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predominance of winds from directions of the third and fourth quadrant (180°-360°). In
the bottom right panel, you can see the different ocean current speeds with higher values

in 1994, 2001, 2002, 2003,2013 and 2015.
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Figure 22 - North Atlantic Oscillation values since 1950.
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Figure 2.23 - North Atlantic Oscillation values since 2000.

At the beginning of the century, NAO values varied little. Starting in 2008, very low and
very high values began to be recorded. 2011, 2012, 2015 and 2020 show very high values

and 2012, 2015 and 2019, very low values.
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First quarter of the year in Faial Island
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Third quarter of the year in Faial Island
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Second quarter of the year in Faial Island
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Fourth quarter of the year in Faial Island
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Figure 2.24 - Representation of monthly data divided into quarters on the components of wind direction and speed
on Faial Island.

The wind rose shows the wind components U and V (Eastward and Northward
respectively) which define wind speed and direction values. The directions taken by the
wind are represented by radial lines, the wind frequency by concentric lines, and the wind
speed by color-coded bars. In the first quarter of the year on Faial Island, the wind
direction predominated North-northeast (22.5°), East-northeast (67.5°), and East (90°),
with a maximum wind frequency of approximately 21% northeast. The predominant wind

speed was 2-4 m/s and the maximum wind speed was 8-10 m/s (top left panel).

In the second quarter of the year, wind direction predominated to East (90°) and East-
southeast (112,5°), with a wind frequency maximum of approximately 26% East.

Predominant wind speed was 2-4 m/s and maximum wind speed 6-8 m/s (top right panel).
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In the third quarter of the year, wind direction predominated to East (90°), East-southeast
(112,5°), and South (180°) with a wind frequency maximum of approximately 17% E.
Predominant wind speed was 2-4 m/s and maximum wind speed 4-6 m/s (bottom left

panel).

In the fourth quarter of the year, wind direction predominated to East-northeast (67.5°),
East (90°), and East-southeast (112,5°) with a wind frequency maximum approximately
22% E. Predominant wind speed was 2-4 m/s and maximum wind speed 8-10 m/s (bottom
right panel).
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Figure 2.25 — Distribution of records of Physalia physalis on blue dots.

P. physalis distribution, was compiled from available literature records (see methods),
in one dataset with 16702 presences (Figure 2.25). The region with the most offshore

data is the Indian Ocean.
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