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RESUMO

Medidas de estresse fisiologico tém o potencial de contribuir na identificacdo e
avaliacdo de desafios complexos na conservagdo da vida selvagem e podem
informar decisdes de manejo e/ou politicas, além de auxiliar na selecéo de espécies
nativas adequadas para a aquicultura. Nesse sentido, a geracéo e analise de dados
em fisiologia e pesca € util e urgente, a fim de enriquecer a base de conhecimentos
sobre a fisiologia do estresse de espécies selvagens. Assim, este estudo foi dividido
em dois capitulos, bastante distintos em sua abordagem, sendo complementares em
sua contribuicdo para a questdo da explotacdo de recursos pesqueiros costeiros no
Brasil e sua sustentabilidade. Foi ainda acrescentado um Apéndice, relatorio sobre o
estagio realizado na Universidade Norueguesa de Ciéncia e Tecnologia (NTNU), de
Novembro de 2019 a Fevereiro de 2020. O primeiro capitulo apresenta, com base
em marcadores de estresse fisiologico, a variabilidade na resposta de 35 espécies
de peixes marinhos selvagens ao estresse de captura por arrasto, a partir de
amostragem aleatoria. E o segundo capitulo consiste em uma abordagem tedrica
das politicas publicas relacionadas a pesca em pequena escala no Brasil, chamada
de “pesca artesanal’. No Capitulo 1, foi evidenciada a enorme variabilidade na
resposta ao cortisol entre as espécies, sendo possivel detectar espécies com
respostas altas, intermediarias e baixas apds 0 mesmo estressor, com algumas
espécies mostrando notavel variagao intraespecifica. A variabilidade interespecifica,
diante de um mesmo fator estressor, também esteve presente nos demais
parametros avaliados, glicose plasmatica, osmolalidade, ions cloreto e magnésio. O
que nos permitiu distinguir diferentes habilidades de resposta ao estresse: (i)
espécies que responderam com elevados niveis de cortisol e magnésio; (ii) espécies
que responderam com baixos/intermediarios niveis de cortisol e mantiveram
manutencdo do balango osmoibnico, e (iii) espécies que apresentaram quebra da
homeostasia. Desta foram, este capitulo revelou alguns padrdes de respostas ao
estresse agudo ainda nao reportados para espécies de peixes marinhos silvestres
coletados no Sul do Brasil. No capitulo 2, descrevemos o histérico do cenario politico
da pesca em pequena escala no Brasil e fornecemos algumas ferramentas e
recomendagdes baseadas em experiéncias positivas de outras nacdes, visando a
sustentabilidade desta atividade no pais. Essas sugestdes buscam contribuir para a
recuperacao ou conservagao de estoques naturais e fornecer politicas mais
adequadas para a populacdo humana envolvida na pesca em pequena escala no
Brasil e em outros paises em desenvolvimento. E assim complementar & abordagem
fisiologica da (ainda) enorme diversidade de recursos disponiveis na extensa costa
brasileira. O Apéndice ilustra as impressdes de um breve convivio e experiéncia na
nacao mais desenvolvida no mundo em relacédo a explotacdo em escala industrial e
de maxima tecnologia de um recurso costeiro: a aquicultura do salm&o do Atlantico
na Noruega. Esta Tese representa assim uma contribuicdo para a conservacéo da
diversidade de recursos pesqueiros marinhos costeiros no Brasil, sob duas
perspectivas. A primeira aponta para a urgéncia de se conhecer mais a fisiologia de
especies nativas e disponiveis para eventual explotacdo em cultivo de pequena ou
larga escala no Brasil, e a segunda aponta para a necessidade de maior eficiéncia
juridica e, em consequéncia, de gestao dos recursos, para extrativismo e/ou cultivo.

Palavras-chave: Estresse de captura. Peixes marinhos selvagens. Pesca artesanal.



ABSTRACT

Physiological stress measures have the potential to contribute to the identification
and assessment of complex challenges in wildlife conservation and can inform
management and / or policy decisions, in addition to assisting in the selection of
native species suitable for aquaculture. In this sense, the generation and analysis of
data in physiology and fisheries is useful and urgent, in order to enrich the knowledge
base on the physiology of stress in wild species. Thus, this study was divided into
two chapters, quite distinct in their approach, being complementary in their
contribution to the question of the exploitation of coastal fishing resources in Brazil
and their sustainability. An Appendix was also added, a report on the internship
carried out at the Norwegian University of Science and Technology (NTNU), from
November 2019 to February 2020. The first chapter presents, based on markers of
physiological stress, the variability in the response of 35 species of wild marine fishes
to trawling stress from random sampling. And the second chapter consists of a
theoretical approach to public policies related to small scale fishing in Brazil, called
“artisanal fishing”. In Chapter 1, the enormous variability in the response to cortisol
between species was evidenced, being possible to detect species with high,
intermediate and low responses after the same stressor, with some species showing
remarkable intraspecific variation. Interspecific variability, given the same stressor,
was also present in the other parameters evaluated, plasma glucose, osmolality,
chloride and magnesium ions. This allowed us to distinguish different stress
response skills: (i) species that responded with high levels of cortisol and
magnesium; (ii) species that responded with low / intermediate levels of cortisol and
maintained maintenance of the osmoionic balance, and (iii) species that presented
breakdown of homeostasis. As such, this chapter revealed some patterns of
responses to acute stress that have not yet been reported for wild marine fish
species collected in southern Brazil. In chapter 2, we describe the history of the
political landscape of small-scale fishing in Brazil and provide some tools and
recommendations based on positive experiences from other nations, aiming at the
sustainability of this activity in the country. These suggestions seek to contribute to
the recovery or conservation of natural stocks and to provide more appropriate
policies for the human population involved in small-scale fishing in Brazil and other
developing countries. It is thus complementary to the physiological approach of the
(still) enormous diversity of resources available on the extensive Brazilian coast. The
Appendix illustrates the impressions of a brief coexistence and experience in the
most developed nation in the world in relation to exploitation on an industrial scale
and with the maximum technology of a coastal resource: the aquaculture of Atlantic
salmon in Norway. This Thesis thus represents a contribution to the conservation of
the diversity of coastal marine fishing resources in Brazil, from two perspectives. The
first points to the urgency of knowing more about the physiology of native and
available species for possible exploitation in small or large scale cultivation in Brazil,
and the second points to the need for greater legal efficiency and, consequently,
resource management, for extractivism and/or cultivation.

Keywords: Capture stress. Wild marine fishes. Artisanal fishing
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PROLOGUE
1. Concerning factors (stressors) that motivated this study

There are several interferences that lead to the reduction of economic
performance in marine fishing, such as overfishing, anthropogenic climate change,
pollution and habitat degradation (Friedman et al., 2020; Madliger et al., 2017; Cooke
et al., 2013; Sumaila et al., 2011; Roessig et al., 2004; Jackson et al., 2001).
Although evidence of unsustainability in fisheries is historical and global (Pauly et al.,
2002; Jackson et al., 2001), the use of top-down policies is still recurrent in many
nations (Worm et al., 2009), including Brazil (Haimovici et al., 2014), in which the
increase in fishing-fleet and subsidies by governments to fishers is continuous
(Palomares & Pauly, 2019; Schuhbauer et al., 2017; Caddy & Seijo, 2005).

It is well established that the anthropogenic interference in the abiotic
environment affects the physiology of organisms at various levels (Seebacher &
Franklin, 2012), which is problematic, given the current level of anthropogenically
mediated fast environmental changes (Cooke et al., 2013). Environmental factors
that disturb the animal’s physiology are also called stressors. And stressors can act
synergistically. An environmental factor that does not represent a stressor when
experienced alone can become a stressor when experienced in combination with
another factor (Poértner, 2005). This interaction can represent an example of the
effects of the so called allostatic load, in which the costs of maintaining a response to
a stressor can compromise the body's ability to deal with an additional stressor
(Schulte, 2014). An allostatic state is a consequence of regulation of the internal
medium, in which there is "stability through change". The internal state departs from
the "normal homeostatic state", and, according to the intensity and duration of the
stressor, the animal will either achieve and remain in an allostatic state, or else will
achieve an allostatic load (see Schulte, 2014, and references). The strongest the
allostatic load in intensity and duration, of course, the highest the probability that
organismal death will ensue, and in terms of populations and species, extinction risk
will be more likely. The physiology of stress is an adequate and timely approach to
marine fisheries in general, and coastal marine teleost fisheries, in particular.

Whether the adaptation of fish populations, globally, will be able to keep pace
with future changes in environmental conditions is an important open research

question. The tolerance and resilience of populations can happen within the scope of
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phenotypic plasticity, including changes in behavioral, acclimation and
acclimatization mechanisms, and transgenerational and evolutionary adaptations
(e.g., Koenigstein et al., 2016). The effects of climate change at the population level
can also act synergistically with the impacts of human exploitation, since intense
fishing pressure can lead to a reduction in the size of ripening and a greater
sensitivity to environmental fluctuations in the exploited stocks (Koenigstein et al.,
2016).

Anthropogenic disturbances and climate change are expected to have a global
impact on ecosystems, societies and economies, increasing pressure on livelihoods
and food supplies, including those in the fisheries and aquaculture sector. Food
quality will play a more important role, as food resources will be under greater
pressure and the availability and access to fish supplies will become an increasingly

critical development problem (Daw et al., 2009).

2. Consequence for fish and fishermen

The various negative effects mentioned above, when combined, will have
adverse impacts on the already overexploited resource, thus reducing fish
biodiversity and production. Depletion of stocks and reduced fish production can
threaten the livelihoods of many vulnerable fishing communities and food security
globally, especially in developing tropical nations (Mohammed & Uraguchi, 2013).
Changes in biodiversity and the carrying capacity of ecosystems, changes in the
distribution and abundance of organisms and physiological stress (Beaugrand et al.,
2008) are also examples of these effects.

The geographical redistribution of natural resources alters access and, thus, the
harvesting (capture) opportunities between countries. Fish resources shared at the
international level can be sensitive to changes in the marine environment and this
can have a major impact on the economies of countries and regions that depend
more on fisheries to provide employment and food supply (Jansen et al., 2016).
Responses to these environmental drivers, for example through changes in
productivity and spatial distribution, will co-determine the future development of fish
and fishery stocks (Perry et al., 2005).

Examples of consequences (positive and negative) in the redistribution of fish

species are increasingly evident in the literature, in several places and with several
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species, such as Gadus morhua in the North Atlantic (Holt & Jagrgensen, 2014) and
the Barents Sea (Wiedmann et al., 2014), Scomber scombrus in the Northeast
Atlantic (Jansen et al., 2016), Isacia conceptionis, Paralabrax humeralis, Mugil
cephalus, Sciaena delicious, Stellifer minor in Peru (Adams & Flores, 2016); reef fish
in Australia's great coral reef (Cheal et al., 2017), and for Thunnus alalunga in the
Northern Pacific Ocean (Christian & Holmes, 2016). Changes in the distribution and
abundance of shallow water fish on the southeastern Brazilian coast were observed
in Sepetiba Bay, Rio de Janeiro. These changes were different between fish species,
with species with increased populations (Anchoa lyolepis, Anchoa tricolor, Harengula
clupeola, and Sardinella brasiliensis), Species with decreased populations (Anchoa
marinii, Anchoviella brevirostris, Anchoviella lepidentostole, and Lycengraulis
grossidens), and species that showed changes in distribution patterns (Achirus
lineatus, Ctenogobius boleosoma, Haemulopsis corvinaeformis, Genidens barbus,
Platanichthys platana, Boridia grossidens, and Trachinotus falcatus) (Araujo et al.,
2018).

Maximum capture rates are expected to decrease globally by 7.7% in 2050,
compared to the year 2000. And the global fishery revenue is expected to decrease
by 10.4%, that is to say, around 35% in relation to the impact on maximum capture
rates in high CO2 emission scenarios (Lam et al., 2016). Knowing the possible
changes in the distribution and structure of marine communities is a scientific and
economically important concern, because in addition to causing ecological damage,

changes in distribution patterns can cause severe changes in fishing activities.

3. Stress response

Under these constant environmental and human pressures, animals need to
find ways to deal with challenges in order to confront and overcome them, to
guarantee their survival. Environmental challenges or anthropogenic disorders can
trigger the activation of the vertebrate neuroendocrine axis that generally results in
the release of stress hormones, such as catecholamines and corticosteroids. The
stress response is often described as the group of adaptive physiological responses
to an aversive extrinsic stimulus (a stressor) that helps restore the internal level of
homeostasis (or allostasis) after exposure to the aversive stimulus (Dantzer et al.,

2014; Sapolsky et al. 2000). When the stressor is generally chronic, the stress
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response loses its adaptive significance, with deleterious consequences for fithess of
the species (Schoenle et al., 2018).

When the individual perceives the stressor, a series of reactions is initiated,
triggering physiological and behavioral processes at primary, secondary and tertiary
levels, in response to the activation of the Hypothalamic-Pituitary-Interrenal cascade
(Mazeaud et al.,, 1977). Primary responses are related to the increase in the
concentration of corticosteroids and catecholamines and changes in the activity of
neurotransmitters. Secondary responses involve metabolic changes, cellular
changes, osmoregulatory disorders, changes in hematological factors, and changes
in immune function. Tertiary responses involve changes in the animal's performance
(such as growth, swimming capacity, resistance to disease and reproduction) and
changes in behavioral patterns (such as feeding and aggression) (Barton, 2002). It is
possible to assess stress at the three levels mentioned above, from different

biomarkers (Figure 1).
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4. Conservation physiology and its applications

Conservation physiology is an integrative scientific discipline, which uses
mechanisms, approaches, tools and physiological principles to elucidate
conservation problems. This concept is based on how environmental disturbances
and threatening processes affect physiological responses and, consequently,
ecological function, population resilience and species survival (Seebacher & Franklin,
2012; Cooke et al., 2013; Madliger et al., 2017).

Physiological analyzes, in particular measures of physiological stress, have the
potential to contribute in the identification and assessment of complex challenges in
wildlife conservation and management (Baker et al., 2013). Physiological research in
wild populations provides basic data, allows the monitoring of populations' overtime,
enables the rapid evaluation of various natural and anthropogenic pressures,
elucidates causal mechanisms and facilitates the assessment of the effectiveness of
targeted actions (Baker et al., 2013).

By providing measurable traits, conservation physiology allows limits (i.e.
thresholds) to be quantified where conditions may destabilize populations (e.g.
through reductions in fitness), species, communities or ecosystems, thus allowing for
proactive management within quantitative ranges (Madliger et al., 2017). From an
applied perspective, measuring stress is necessary to determine how the health,
performance, and welfare of fishes are being influenced by interactions with humans
(Sopinka et al., 2016). Linking evolutionary and ecological underpinnings of stress
with measures of stress relevant to industry and conservation practitioners can guide
management strategies that effectively take into account fish biology, and facets of
human livelihood and culture (Sopinka et al., 2015).

There are several examples of applications of stress measures, such as in the
fishing and release activities (Schlenker et al., 2016), assesment of the sensitivity of
bycatch species (McLean et al., 2016), evaluation of physiological requirements and
limitations of species as a potential for aquaculture activities (Froehlich et al., 2016;
Barnett & Pankhurst, 1998; Fevolden et al., 1991), determination of which species
currently live closer to their upper thermal tolerance limits, which physiological
systems establish these limits and how species differ in capacities for acclimatization
to modify their thermal tolerances (Somero, 2010), and also incorporation of

physiological data in mechanistic models to determine how natural and
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anthropogenic stressors can affect organisms (Birnie-Gauvin et al., 2017; Mckenzie

et al., 2016), to name a few examples (Figure 2).
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Figure 2. Flow diagram of how physiological information can inform management and/or policy
decisions (continuous lines) for marine fishes, and how analysis of the information can be feedback to
develop targeted research activities (dotted lines). Biomarker information can be used directly for local
management (in particular, early warning and evaluation of ecological status). Physiological
information can also influence national and international management/policy indirectly, by interactions
with ecologists; for example, biomarkers of bycatch survival to inform fishery biologists, or
physiological databases for use in modelling of population dynamics or effects of global change. The
number of dotted lines feeding back to physiology reveal the many contributions that physiological
research could make to adaptive management programmes, including large-scale and long-term
research in response to, for example, EU or Intergovernmental Panel on Climate Change
recommendations (Taken from Mckenzie et al., 2016, modified).

5. Main challenges in implementing these measures

Ecological, biological, and methodological factors must be considered when
selecting, measuring, and interpreting stress indicators. Inter- and intraspecific,
gender, life stage, different coping styles and other differences in physiological
responses to stressors can confuse confirmation of a stressed state (Madliger et al.,
2018; Sopinka et al., 2016; Busch & Hayward, 2009). In addition, although there are
>30,000 species of fish, knowledge about marine fish is confined to dozens of
species, which occur in countries with research communities developed in the field of
fish ecophysiology, with a focus on species that are economically or ecologically

important and/or are relatively easy to obtain and keep in captivity (Mckenzie et al.,
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2016; Pankhurst, 2011). It is recognized that studies on captive or laboratory fish,
due to domestication and acclimation processes, may mask overall variation in the
vertebrate neuroendocrine response (Raulo & Dantzer, 2018; Balasch & Tort, 2019).
The assess to the vertebrate’s population health in conservation studies
increased considerably from 1993 to 2013 and has been done through assess the
physiological response of animals to environmental disruptions from various
biomarkers, immunity markers (64%), glucocorticoids (31%), and markers of
oxidative status (5%) (Beaulieu & Constantini, 2014). Stress physiology corresponds
to 45% of studies published in ‘Conservation Physiology’ between 2013-2018, and

the fish group taxonomic corresponds only to 11% of the total number of studies on

this topic (Madliger et al. 2018) (Figure 3).
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Figure 3. Subject area of the 73 papers published in ‘Conservation Physiology’ in the past 5 years
(2013-18) based on: (A) physiological sub-discipline and (B) taxonomic group. Note: Fish includes all
bony and cartilaginous fish aside from those that are elasmobranchs, which are featured as a
separate category (the figures were taken from Madliger et al. 2018, modified).
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In a quick search for studies published in journal in Latin America, from Scielo
database (https://www.scielo.org/), the theme “cortisol in fish” is present in 61 articles
between the years 2001-2019, of which only 8% refer to studies with wild species. In
addition, although the data below corresponds only to a cut of the total number of
available publications, almost all of the studies refer to the development of
knowledge to improve aquaculture activities (Figure 4A), as in the use of various
anesthetic substances to reduce transport stress, for example, with an emphasis on

freshwater species (Figure 4B), mainly the Nile tilapia.
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Figure 4. Focus of 61 papers found in Scielo database in the past 18 years (2001-19), on fishes. The
research was done in February 2020 by using and entering the following keywords: (i) “cortisol” (ii)
“fish”. (A) physiological sub-discipline and (B) species.

In this sense, the generation and analysis of data both in ecophysiology and
fisheries is useful and urgent in order to enrich the knowledge base on the stress
physiology of wild species. A more complete evaluation of the stress response to
fishing, contemplating natural biodiversity in coastal marine teleosts, contributes both
to the development of more reasonable fisheries policies and the selection of
adequate native species for aquaculture. Thus, this study was divided into two
chapters, and an appendix. The chapters were written in the form of a scientific
article and with the format referring to the journals in which they will be submitted.
The appendix is presented as a result of the internship held at the Norwegian
University of Science and Technology (NTNU) in Norway, between November/2019
and February/2020.

Chapter 1: The first chapter presents, based on markers of physiological
stress, the variability in the response of wild marine fish to the capture stress through

trawling, from random sampling.
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Chapter 2: The second chapter consists of a theoretical approach to public
policies related to small scale fishing in Brazil. In this chapter, some historical and
current aspects related to small-scale fishing (production data by extractive fishing,
status of fishing statistics, historical changes in management entities and/or fishing

related) will be reviewed in order to propose measures to improve these gaps.

Appendix: This final section presents the internship report from my stay at the
Norwegian University of Science and Technology - NTNU (Campus Alesund),
between the period of 21 November 2019 and 18 February 2020. It illustrates the
valuable experience of visiting an aquaculture facility of the leading nation on large

scale aquaculture technology and production.
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CHAPTER 1: VARIABILITY IN THE ACUTE STRESS RESPONSE TO CAPTURE
THROUGH TRAWLING IN SUBTROPICAL SOUTHERN COASTAL MARINE
TELEOSTS'

' Chapter formatted according to Marine Biology journal standards.
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Abstract

The relevance of the plasma cortisol response as primary stress marker in teleosts is
established. However, the concept that very low levels of cortisol are associated to the
absence of a stressful conditions needs to be revisited. Moreover, most data refer to a
handful of species. In order to improve the data base of the cortisol response in wild coastal
marine teleosts, this study aimed at evaluating the response - survival and plasma cortisol,
glucose, osmolality and plasma ions - of marine teleosts to the capture stress of trawling.
Fish sampled were divided into 3 groups: dead after trawling (DT), alive after trawling (LT),
and live fish that were kept for ~ 12h in a tank after trawling (OT). Blood samples (224) from
35 species out of 19 fish families have been assayed. A large variability in the cortisol
response between species, within the 3 groups, was found, with high (>1000 ng/mL), low
(nearly zero) and intermediate (10-1000 ng/mL) responses to cortisol being detected, and
some species showing remarkable intraspecific variation. Inter-specific variability was also
present in plasma glucose, osmolality and ions. This study revealed that one should not
expect uniformity in the teleost stress response; the HPI axis regulatory strategies of coastal
marine fish species is remarkably variable, when equally challenged through beach trawling.

Keywords: allostasis, glucorticoids, physiological plasticity, stress physiology

1. Introduction

The stress response is considered to be an adaptive mechanism that allows fish to

deal with real or perceived stressors, in order to assure the preservation of their homeostatic
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state (Barton 2002). In the short term, this response is considered adaptive because it
initiates a set of physiological and behavioral responses that promote the survival of the
individual (Wingfield et al. 1998; Sapolsky et al. 2000). Hormones play key roles in the stress
response. The adrenocortical response to acute stress results in the release of
glucocorticoids by the activation of the hypothalamic-pituitary-interrenal axis — HPI, in what
generally constitutes the primary stress response (Mommsen et al. 1999), a pivotal hormonal
axis that regulates daily metabolic needs as well as behavioral responses to environmental
disturbances (Wingfield 2013). This way, the stress response with the activation of the HPI
axis may naturally influence the fitness of a species (Schoenle et al. 2018). Activation of the
HPI axis means elevated plasma cortisol, increase in plasma glucose by increased
glycogenolysis, and osmoregulatory disturbances, these latter being in general related to the
secondary stress response (Mommsen et al. 1999). Upon prolonged activation of the stress
response, the so called tertiary responses ensue, with reproductive and immunological
consequences, and thus, reduced fitness (Busch and Hayward 2009).

The evaluation of glucocorticoid levels raised great interest between the 1960s and
1970s (Bouck 1966; Donaldson and Dye 1975; Fryer 1975; Mazeaud et al. 1977). Years of
study led to the production of a vast literature, recognizing an undisputed role of cortisol as a
marker of stressful conditions for teleost fishes (e.g., see Mommsen et al. 1999). However,
interpretations of circulating levels of glucocorticoids/cortisol in marine teleosts still remain
complex (Busch and Hayward 2009; Beaulieu and Constantini 2014; Kalamarz-Kubiak
2018). Recent wildlife investigations have revealed patterns of hormonal responses to
environmental, physical, and social changes, which could not have been predicted from
laboratory experiments (Ajo et al. 2018; Currylow et al. 2018; Wingfield 2018). Simple ‘linear’
stress paradigms explored in laboratory contexts are unable to contemplate the inherent
variability of the much more complex social (Goymann and Wingfield 2004) physiological and
physical interactions that occur in the natural environment (Pankhurst 2011).

New insights into the use of glucocorticoids in wildlife understanding have been
proposed (Sopinka et al. 2015; Madliger et al. 2018), contrary to previous paradigms that the
stress response could not really be contemplated in nature, due to influences from biotic and
abiotic traits inherent to the species, and the additional difficulty in obtaining "non-stressed"
individuals. After much debate on how to apply an experimental "stressor" in the field, it was
concluded that the animals response to capture, management and containment could be
applied equally to all species and would properly reflect the individual's ability to respond to
an acute stressor (Wingfield 2018). A consensus was reached that, if a blood sample is
collected as soon as possible after capture (~3 min), then the plasma cortisol concentration
in this sample at least approximately represents the baseline levels. Subsequent samples,

after 5, 10, 30 and 60 minutes, for example, would properly represent the rate of increase
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and the maximum levels of cortisol obtained after acute stress (Wingfield 2018). Given that
the way an animal responds to a short-term stressor may reflect its long-term ability to adapt
to a changing environment in the face of diseases, anthropic disturbances, and increasingly
scarce resources (Currylow et al. 2018), it is essential to improve our knowledge about the
response to stress in wild fish.

Knowledge on marine fishes is confined to tens of species, which occur in countries
with developed fish ecophysiology research communities. Within these countries, there is a
focus on species that are economically or ecologically important and/or are relatively easy to
obtain and maintain in captivity. These include temperate species, such as Atlantic cod
(Gadus morhua), Atlantic salmon (Salmo salar), Dover sole (Solea solea), European sea
bass (Dicentrarchus labrax), Pacific salmonids of the genus Oncorhynchus or turbot
(Scopthalmus maximus), plus various tropical species from the Great Barrier Reef
(Mackenzie et al. 2016).

In this context, the objectives of the study were: (i) to evaluate the response of coastal
marine fishes of several different families to capture stress, through the evaluation of cortisol,
glucose, osmolality, and plasma ions; and (i) to compare the level of the
adrenocorticotrophic response between fish that died from the trawling stress, fish that were
recovered alive from the trawling net, and a third group, fish that were alive after trawling and

were kept for ~12 h in a seawater tank.

2. Material and methods

(a) Fish trawling and blood sampling

Fishes were obtained on the shallow platform coast of Parana (25° 35'20.96 "S and 48°
21'53.20" O) and Santa Catarina States (26° 18'38 "S and 48° 52'76" W), in Southern Brazil,
between April 2017 and July 2018. In these places, two types of trawling were carried out -
sandy beach trawling in the morning (500 m long and 4 cm mesh size), and - outrigger
trawling (10 m long and 3 cm of mesh size in the codend) in the night. Trawl times were
similar between the fishing gears (30-45min), with the longest times being related to the
greater amount of fish in the beach trawl, mainly to the mullet catching seasons. Immediately
after sandy beach capture, fish were grouped into: dead fish after trawling (DT) or live fish
after trawling (LT), and blood samples were collected by caudal puncture using heparinized
syringes. Fish that were alive after trawling meant fish that were still showing opercular and
caudal contractions when removed from the net. The third group, comprising a different
treatment of the fishes (named OT - fish kept overnight in tank), consisted of bycatch

individuals collected from a small shrimp trawler (outrigger trawler) and kept overnight, in a
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confinement fisherman tank, under constant flow of marine water. Fish chosen for this
distinct treatment were fish that were alive after the shrimp trawling and were in good
condition. The addition of this treatment was done to check if it is possible for the fish to
recover pre-stress levels after this period of time. After ~12h, fish were anesthetized in
benzocaine (60 mg/L) until showing loss of balance (2-3 min), and blood samples were
collected by caudal puncture with heparinized syringes. After blood collection, samples were
centrifuged in a microcentrifuge (2,100 rpm for 5 min). Plasma was pipetted out and frozen at
-20 °C for later analysis in the Laboratory of Comparative Physiology of Osmoregulation,
Federal University of Parana in Curitiba, Parana. At the time of blood withdrawal, all fishes
were identified at the lowest taxonomic level and the total length (cm) measured. Weight
estimates (g) were obtained at the www.fishbase.org site from the measured lengths for each
individual. This experimental protocol was in agreement with the Animal and Federal
Experimentation Ethics Committee University of Parana, on the use of benzocaine and blood
withdrawal from teleosts (certificate n°® 1056/2017).

(b) Assessment of the acute stress response to trawling

The responses to acute stress were evaluated from the main primary stress marker in
bonefish (plasma cortisol) and from well stablished secondary stress parameters: plasma
glucose, osmolality, chloride and magnesium. Plasma cortisol was determined by a solid-
phase immunoabsorbent enzyme assay (ELISA) based on the competitive binding principle
(commercial kit DRG Cortisol Elisa; Ref EIA-1887). Glucose was measured directly using
blood obtained from the caudal vein through the Accu-Chek® digital device (Roche -
Performa Nano model). Osmolality was determined by reading samples without dilution in a
vapour pressure micro osmometer (Wescor® 5520 VAPRO). Chloride and magnesium
concentrations were determined by spectrophotometry (Ultrospec 2100 PRO Amersham
Pharmacia biotech, Sweden) using colorimetric kits (Labtest, Brazil), and reading
absorbance, respectively, at 470 nm and 505 nm. Fish plasma samples were diluted 1: 2 for

the determination of CI- ions and 1: 4 for the determination of Mg*? ions.

(c) Validation of the elisa for cortisol
Recovery and linearity tests of 4 samples of marine-estuarine fish were performed for
the validation of the cortisol ELISA. Samples from Sphoeroides testudineus (sample 1), Mugil
liza (sample 2), Menticirrhus americanus (sample 3) and Genyatremus luteus (sample 4)
were selected and 54/96 wells were used from an ELISA plate. The recovery test was
performed from 1:1 dilution between the selected samples and the 50, 100 and 200 ng.ml"

standards. For the linearity test, serial dilutions (1/2, 1/4, 1/8 and 1/16) were made from
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standard 0 and the four selected samples. All tests were performed in duplicates. The
precision and reproducibility of the assay (intra-assay) were verified by calculating the
coefficient of variation (CV) of repeated measures of samples within the same assay. Inter-
assay precision and reproducibility was determined by assaying the same samples in three
separate assays, again though its CV.

The standard curve showed a high correlation coefficient between Logit OD and log
concentration of standard solutions for all plates used in the dosages (R? = 0.9821 - plate 1;
0.934 - plate 2; 0.9804 - plate 3; 0.9721 - plate 4; 0.9705 - plate 5; e 0.9628 - plate 6). The
precision and reproducibility of the assay was good, as CVs <10%, as was the CV for

duplicates of all samples (see Supplementary Material 1).

(d) Data analysis

Correlations between cortisol, glucose, osmolality, chloride, and magnesium were
evaluated through Spearman's correlation analysis (see Supplementary Material 2). As the
intra and interspecific variation of the primary and secondary stress markers was very clear
within each treatment, graphs were prepared as scatter plots displaying individual values. To
verify which components (cortisol, glucose, osmolality, chloride, magnesium, length, weight,
and season) best explained the variation in stress response between individuals in each
group, the Principal Component Analysis (PCA) was performed and the groupings classified
by the k-means algorithm. In order to evaluate the similarity of the stress response among
individuals and groups, the Permutational Multivariate Variance Analysis (PERMANOVA) was
performed. Data analysis was performed using SigmaPlot® software version 11.0 and “R”

version 3.6.1 and the significance level adopted was 0.05 for all the results.

3. Results

(a) General characteristics of samples
A total of 224 samples were collected, representing 35 species from 19 families of wild
subtropical marine teleosts. Fifty-nine samples were assigned to the DT group (dead after
trawling), 93 to the LT group (alive after trawling), and 72 to the OT group (alive, kept
overnight in a tank by the local fisherman, see Supplementary Material 3 for the list of

species sampled, and length/weight data of the individuals).

(b) Variability of the stress response
The variability of the response among individuals and species was remarkable, within

each of the 3 groups. For cortisol (Figure 1), there were basically three types of responses to
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acute capture stress: i. species with high response; ii. Species which presented both high
and low responses, and iii. Species which presented only a low response. For example, the
Atherinopsidae - brazilian silverside Atherinella brasiliensis presented extremely high values
both as DT (89.6 to 2115.2 ng/mL) and as LT (2228.83 to 7890.62 ng/mL). Centropomidae -
sea bass (Centropomus undecimalis), Paralichthyidae — bay whiff (Citharichthys spilopterus),
Haemulidae - stonefish (Genyatremus Iuteus), and Mugilidae — grey mullet (Mugil liza)
showed both low (107, 44, 14, 5 ng/mL, respectively) and high values (532, 448, 294, 595
ng/mL, respectively) for cortisol, in DT and LT groups. In contrast, some individuals, mainly
representatives of the family Sciaenidae — smallscale weakfish, king weakfish, and southern
kingcroaker (Cynoscion microlepidotus; Macrodon ancylodon, Menticirrhus americanus),
always had a low stress response both as DT as LT (average 14, 11, 25 ng/mL,
respectively), while some individuals showed high values of cortisol only in the OT group, of
~297-408 ng/mL.
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Figure 1. Plasma cortisol (ng/mL) of the trawled fished individuals in each group (DT = dead fish after
trawling; LT = live fish after trawling; OT = live fish kept overnight in tank). Symbols with the same
colors and shapes represent individuals of the same species.

Glucose was shown also to be highly variable among groups, species and individuals.

The minimum values (12 mg/dL) were presented by Sciaenidae - whitemouth croaker
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Micropogonias furnieri in OT and maximum (534 mg/dL) for Serranidae — pond perch
Diplectrum radiale in the same treatment. However, a few species showed less variability of
this marker within a same group. For example, Cynoscion microlepidotus (20 - 68 mg/dL)
and Scombridae — Spanish mackerel Scomberomorus brasiliensis (72 - 132 mg/dL) in the
DT. Tetraodontidae — green puffer Sphoeroides greeleyi (32 - 67 mg/dL) in LT, and
Gerreidae — silver mojarra Eucinostomus argenteus in OT (25 - 89 mg/dL), with the
exception of one individual of this species who showed a glycemia of 439 mg/dL in this

treatment (Figure 2).
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Figure 2. Blood glucose (mg/dL) of the trawled fished individuals in each group (DT = dead fish after
trawling; LT = live fish after trawling; OT = live fish kept overnight in tank). Symbols with the same
colors and shapes represent individuals of the same species.

Most values of plasma osmolality were of ~400 mOsm/kg H.O. However, there was
some dispersion around that value, with some very high values (around 600-947 mOsm/kg
H20), and a few very low ones (85-243 mOsm/kg H-O). Very high values among these
treatments were recorded for Scombridae - frigate tuna Auxis thazard (803 mOsm/kg H20),
Carangidae - lookdown Selene vomer (784 mOsm/kg H20) and Haemulidae - roughneck
grunt Pomadasys corvinaeformis (816 mOsm/kg H-O) in DT. And for Gobiidae — frillfin goby
Bathygobius soporator (906 mOsm/kg H>O), Pomadasys corvinaeformis (663 mOsm/kg H-0)



42

and Menticirrhus americanus (682 mOsm/kg H20) in LT. Relatively low values of osmolality
were also found in these treatments (DT and LT), being frequent in Cynoscion microlepidotus
(e.g. 85 and 166 mOsm/kg H2O) and Macrodon ancylodon (e.g. 107 and 129 mOsm/kg H-O).
OT species presented higher variability in the osmolality values, with individuals of the same
species presenting a wide range of values, within this same treatment, as especially
observed for Gerreidae — caitipa mojarra Diapterus rhombeus (278 — 947 mOsm/kg H-20)
(Figure 3).
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Figure 3. Plasma osmolality (mOsm/kgH20) of the trawled fished individuals in each group (DT = dead
fish after trawling; LT = live fish after trawling; OT = live fish kept overnight in tank). Symbols with the
same colors and shapes represent individuals of the same species.

Accordingly, plasma chloride concentrations were also quite varied in OT individuals,
mainly for Diplectrum radiale (range 82 - 401 mM) and Diapterus rhombeus (109 - 333 mM).
Pomadasys corvinaeformis showed high CI- values in both DT (357 mM) and LT (192-310).
Some individuals showed little variation, being able to highlight Carangidae — castin
leatherjacket Oligoplites saliens (120-127 mM in DT, and 120-132 mM in LT), Mugil liza (72 -
161 mM in DT, and 121-185 mM in LT), Atherinella brasiliensis (143-161 mM in DT, and 173-
208 mM in LT), and Macrodon ancylodon (124-128 mM in DT, and 130-236 mM in LT).

Extremely low values of CI- were presented for Bathygobius soporator (33 mM) in LT, and
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Scombridae - little tunny Euthynnus alletteratus (34 mM), and Trichiuridae — largehead

hairtail Trichiurus lepturus (40 mM) in DT groups (Figure 4).
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Figure 4. Plasma chloride (mM) of the trawled fished individuals in each group (DT = dead fish after
trawling; LT = live fish after trawling; OT = live fish kept overnight in tank). Symbols with the same
colors and shapes represent individuals of the same species.

Following the CI- pattern, plasma Mg?* exhibited great variability among OT individuals
of a same species. All species sampled in this group — OT - showed a large amplitude of this
ion, with the greatest differences found in Diapterus rhombeus (1.4 — 9.7 mM),
Micropogonias furinieri (1.8 — 10.3 mM), and Eucinostomus argenteus (1.9 — 8.9 mM). Also
highlighting the great variability in magnesium concentration between Cynoscion
microlepidotus in DT (0.02 — 11 mM). Considerably lower and less variable values were
found in individuals of the species Mugil liza in DT (0.6 — 2.4 mM), and LT (0.2 — 2.0 mM)
groups, and Scomberomorus brasiliensis (1.7 — 2.1 mM), and Sphoeroides greeleyi (1.7 —
1.9 mM) in DT group. Atherinella brasiliensis presented higher concentrations of this ion
among the sampled species in DT (6.7 — 12 mM) and also high concentrations in LT (5.3 —
9.5 mM) (Figure 5).
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Figure 5. Plasma magnesium (mM) of the trawled fished individuals in each group (DT = dead fish
after trawling; LT = live fish after trawling; OT = live fish kept overnight in tank). Symbols with the same
colors and shapes represent individuals of the same species.

(c) Different ability for acute stress response between individuals and/or species

According to results of the PCA analysis, performed to group individuals based on the
similarity of the stress response and determine which physiological components could
explain this variation, plasma cortisol (Comp.1) and osmolality (Comp.2) components
together explained more than 67% of the variance found within each group (Figs. 6 A, B, and
C), as expected. From these results we can suggest the formation of four clusters — black,
red, blue, and green circles. The first cluster (black circles) referred to individuals which
presented distinctly high levels of cortisol and magnesium after stress, represented only by
A. brasiliensis (both in DT and LT treatment). The second grouping reflected the individuals
who presented high osmolality and low glucose values (red circles). The third (blue circles)
and fourth (green circles) groupings included individuals who had low-intermediate levels of

cortisol with slight variations in secondary stress responses.
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Figure 6. Scatterplot of Principal component analysis (PCA) applied to physiological parameters
cortisol, osmolality, glucose, chloride, and magnesium measured in DT (A), LT (B), and OT (C). The
first two components (Comp.1 = cortisol; Comp.2 = osmolality) accounted for 73.8%, 67.5%, and
67.2% of the variability of data in groupings DT, LT, and OT, respectively. These results showed four
different ways of coping with stress in each group based on the similarity between the stress markers
and the individuals sampled. Besides a positive linear correlation between the cortisol, osmolality,
chloride and magnesium components; and negative correlation (exception DT) between the cortisol
and glucose components. The length, weight and season components together explained less than
10% of the data variation and were therefore excluded from the analysis.

The PERMANOVA results (performed to verify the influence of the proposed groups on
data variability) showed that data variation was better explained by the inherent
characteristics of the individuals (different stress response abilities) than by the association

to any of the 3 groups (Table 1, Figure 7).
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Table 1. Permutational multivariate analysis of variance (PERMANOVA) table for stress response
between individuals and groupings

Source of Sum of Mean of

L df F.Model R2 Pr(>F)
variation Squares Squares
Individuals 35 5.87 0.16 4.42 0.43 0.001
Groupings 2 0.45 0.22 5.93 0.03 0.001
Residuals 186 7.06 0.03 0.52
Total 223 13.38
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Figure 7. Permutational multivariate analysis of variance (PERMANOVA) results applied to
physiological parameters measured in the 3 groups (DT, LT, and OT), with all individuals (n=224).
These results showed that the differences found in the response to the capture stress were not related
to the different groupings proposed, being the variability of the response to stress (way of coping with
stress) specific to each individual and/or species. Besides a positive linear correlation between the
cortisol, osmolality, chloride and magnesium components; and negative correlation between the
cortisol and glucose components. The analysis was performed using the “vegan” package, being the
Euclidean distance measure and 999 permutations were applied.

4. Discussion

(a) General characteristics of samples
Despite the already recognized variation in the HPI axis stress response between
individuals and species (Schreck et al. 2001; Barton 2002; Schoenle et al. 2018), the stress-
related levels of one or a few species are in general misleadingly extrapolated to all teleosts
(Balasch and Tort 2019). Despite the use of numerous types of biomarkers of stress, our
understanding of how absolute levels of biomarkers relate to stressor severity and recovery

remains limited to date.
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It is important to note that the individuals collected here referred to small scale fishing
resources in subtropical regions of Brazil, so the results reflected the seasonality (April 2017
- July 2018) and selectivity of the fishing gear in terms of the collected species, through
random sampling. In addition, we must indicate here that we did not make directional
predictions for basal glucocorticoids, but rather an exploratory analysis to investigate
patterns that might represent different types of ways of coping with acute stress from
subtropical wild fishing resources. As the samples were commercial resources of the
fishermen, it was not possible to remove the gonads to determine the gender and maturation
stage. Thus, the gender factor was not investigated in this study, could not be correlated with

the stress markers assayed here.

(b) Variability in the stress response between individuals and species: cortisol
release

Glucocorticoid release is the end result of the Hypothalamic-Pituitary-Interrenal
cascade, activated upon exposure to a stressor. The situation of stress stimulates production
of corticotropin-releasing factor (CRF), resulting in release of adrenocorticotropic hormone
(ACTH) from the anterior pituitary gland. The ACTH binds to receptors on interrenal cell
stimulating production of glucocorticoids (Mommsen et al. 1999).

Stress responses must be compensatory and adaptive (eustress) to allow the animal to
overcome the threat. However, stress responses may lose their adaptive meaning (distress)
under chronic or intense stressors, and may result in adverse effects on growth and
reproduction (Samaras et al. 2018) and in dysregulation or suppression of immune function
(Tort 2011). In fact, the “fight-or-flight” response is probably not regulated the same way in all
species (Romero and Gormally 2019). In response to a stressor, animals exhibit
physiological and behavioral changes (i.e., allostasis; McEwen and Wingfield 2003; Romero
et al. 2009) that are part of a set of characteristics that are consistently different between
individuals (as personality type), but are stable within an individual (glucocorticoid release
rates may be conserved in proactive and reactive stress coping styles among diverse
species), contexts (as foraging), and time (daily variation) (Wong et al. 2019). The combined
actions of cortisol between glucocorticoid and mineralocorticoid receptors are among
allostasis mediators (see reviews in Wendelaar-Bonga 1997; Reid et al. 1998; McEwen
2000; Korte et al. 2005; McEwen and Wingfield 2010; Pankhurst 2011), regulating
hydromineral balance and energy metabolism in an adaptive way. The release of cortisol
during stress can cause osmoregulatory perturbations (Wendelaar-Bonga 1997) due to
changes in branchial permeability to water and electrolytes: cortisol has a recognized role in
stimulating salt secretion (hypoosmoregulatory capacity) in fish (Mommsen et al. 1999;
McCormick 2001).
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The early waves of endocrine stress responses and physiological consequences
involve modulating and preparative actions. Modulating actions (permissive, suppressive,
and stimulating glucocorticoid actions), which alter an organism’s response to the stressor;
and preparative actions, which alter the organism’s response to a subsequent stressor or aid
in adapting to a chronic stressor (mediating or suppressive) (Sapolsky et al. 2000). The
assessment of the capture stress response from the three groups was valid to comprise a
time course of physiological changes induced by stress in living individuals immediately after
capture (LT) and in individuals who have recently died (DT) and observe the possible
recovery from capture stress or failure to maintain homeostasis in individuals who have been
maintained overnight in a seawater tank (OT). This type of assessment (post-capture stress)
in fish has been useful to know for how long the target species of commercial, recreational
fisheries or bycatch individuals are able to be exposed to the air without showing failure to
maintain equilibrium, evidenced by changes levels of physiological markers, and locomotor
impairment (Brownscome et al. 2013, Cook et al. 2015). From these observations it is
possible to identify species more or less sensitive to capture stress for the development of
fisheries management voluntary “best practice” regulations and guidelines, improving post-
release survival (Brownscome et al. 2013, Cook et al. 2015; McLean et al. 2016; Cook et al.
2018). Thus, repeatable responses were demonstrated by some species between DT and
LT, and OT treatment represented a good positive control to evaluate the maximum stress
response rates for both cortisol and secondary parameters.

Fish capture by trawling, followed by transfer and maintenance of the subjects for ~12h
in the tank (OT treatment), did not allow individuals to recover their pre-stress glucocorticoid
levels. Other factors that possibly favored the development of stress in this treatment were
the confinement regime (hierarchically distinct species in a limited space), the removal of the
fish from the tank (Ellis et al. 2004) and the use of benzocaine prior to blood collection
(Wosnick et al. 2018). Crowding explains high cortisol values and great variability in
secondary plasma parameters in others studies with fish, compared to not crowded groups.
In crowded and confined sea bass Dicentrarchus labrax (Perciformes, Moronidae) serum ClI-
increased concentrations by approximately 8%, and there were no differences in osmolality
and ion concentration between groups of brief-handling fish (Marino et al. 2008). Salmo salar
(Salmoniformes, Salmonidae) showed a 10% increase in the monovalent CI- ion, and
glucose concentration increased 76% in the crowded group (Gatica et al. 2010). When a wild
animal is kept in captivity for the first time, symptoms of chronic stress can occur even
though the animal's physical needs are attended, and the captivity stress response in wild
animals is highly species-specific (Fischer & Romero, 2018).

Besides that, our results evidenced the existence of species-specific responses in

magnitude and amplitude of the cortisol release/response after severe acute stress. Some
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species had always high levels of cortisol, others showed frequently low levels of cortisol,
while and others showed as high as low levels in response to the same stressor. Atherinella
brasiliensis (Atheriniformes, Atherinopsidae) presented extremely high values of cortisol in
this study, a feature that was repeated for all individuals of this species, even those sampled
in different months and, either individuals that were dead after trawling (DT) or alive (LT).
Very high values of plasma cortisol, although not as high as some of the values we found
here, for this species have been previously reported in the literature: ~564—650 ng/mL of
plasma cortisol in A. brasiliensis caught in Paranagua Bay 7 months after the Vicufia oil spill
(Souza-Bastos and Freire 2011). Values as high as for those assayed in A. brasiliensis have
been reported for a chub, Squalius cephalus (Cypriniformes, Cyprinidae) (highest individual
level of 1927 ng/mL, and mean levels of 1500 ng/mL) after severe handling acute stress
(Pottinger et al. 2000). The potentially adverse effects of supposedly high circulating levels of
cortisol found both at rest (50-100 ng/mL) and under conditions of stress in S. cephalus were
proposed to be offset by the lower affinity of the cortisol receptor, rather than the low
abundance of target-tissue receptor sites (Pottinger et al. 2000). Recurrent high cortisol
values after stress are found for sea bass D. labrax (~800 ng/mL) in the literature (Rotllant et
al. 2003, Fanouraki et al. 2011, Samaras et al. 2018) and may be explained by either
increased activity of the interrenal cells (Rotllant et al. 2003).

In the present study, most species of benthic habits, such as the Perciformes,
Sciaenidae (C. microlepidotus, M. ancylodon), and Gobiiformes, Gobiidae (Bathygobius
soporator); displayed very low levels of plasma cortisol after the trawling. It is possible that
plasma cortisol in these fishes would later increase. In fact, a delayed cortisol response was
reported for the Scorpaeniformes, Hemitripteridae - sea raven Hemitripterus americanus
(Vijayan and Moon 1993): this fish showed a slow response to post-stress cortisol levels,
taking up to 4 hours to reach its maximum level after acute stress. A delayed cortisol
production may be a feature conserved in some families of fish due to changes in
neuroendocrine mechanisms, particularly corticotropin-releasing factor and ACTH release
(Vijayan and Moon 1993). This altered stress response may represent an adaptation to avoid
over-mobilization of energy in a species with inactive lifestyle and low metabolic activity
(Vijayan and Moon 1993). Significantly reduced responses (both baseline and after stress)
were also found after chronic stress in birds (Sturnus vulgaris). Under chronic stress, the
hypothalamus regulates arginine vasotocin (AVT) release, which most likely results in less
adrenocorticotropic hormone (ACTH) leading to lower concentrations of stress-induced
corticosterone (Rich & Romero, 2005).

Besides this notable inter-species variability, some species showed marked intra-
specific variability in post-trawling plasma cortisol levels, with some individuals showing very

high values, while others showed low values. This happened with the Pleuronectiformes
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flounders Achiridae, Catathyridium garmani and Paralichthyidae, C. spilopterus,
Mugiliformes, Mugilidae M. liza, and Perciformes, Gerreidae E. argenteus and D. rhombeus,
for example, as already demonstrated in other studies for other species. For example, the
(European sea bass, Perciformes, Moronidae) Dicentrarchus labrax with so called low- (LR)
and high- (HR) responses to cortisol were identified in relation to the intensity and
consistency of their response after exposure to acute stressors. The hepatic transcription
profiles of the LR and HR fish indicated differential liver regulation among these divergent
phenotypes, with no differences observed in plasma ACTH concentrations between these
two phenotypes (Samaras and Pavlidis 2018). These hepatic transcriptional differences were
related to several proteins related to metabolic and immunological processes, with 169
transcripts being exclusively of LR fish and 161 exclusively of HR fish (Samaras et al. 2016).
Different LR and HR responders, were also reported to Gadus morhua to handling and
thermal stress (Hori et al. 2012), and to Sparus aurata to handling and confinement for a
period of 3h (Tort et al. 2001).

There is consistent evidence that stress response profiles are correlated with
behavioral characteristics, which are called “coping styles” (Koolhaas et al. 1999). Individuals
with low responses are characterized as proactive and typically exhibit high sympathetic
reactivity and release of catecholamines; while reactive individuals have been shown to
display low sympathetic activity and low release of catecholamines, but high levels of cortisol
or plasma corticosterone (Koolhaas et al. 2011). In this sense, plasma cortisol levels also
differ in subordinate and dominant individuals of fish (Winberg et al. 2016), with dominant
individuals returning to their baseline levels within hours and subordinate individuals taking
days or weeks to have baseline plasma cortisol levels after establishment of the internal
hierarchy (Balasch and Tort 2019). However, it is not clear whether these differences in the
physiological characteristics of the stress response between subordinate and dominant

individuals are causes or consequences of social classification (Schoenle et al. 2018).

(c) Integrating the several parameters evaluated: the multivariate analyses (pca
and permanova)

The multivariate analyses corroborated the idea that the species use different
physiological mechanisms to deal with acute stress, as explained by cortisol and osmolality
components. These analyses also showed that weight and length (intrinsic factors) and
season (extrinsic) did not interfere significantly on the results.

Intrinsic factors such as life stage, life history or reproductive stage, and sex, as well as
extrinsic factors such as climate, competition, food resources, habitat quality, social
structure, parasitic load and injury, human disturbances, interaction with predators, and

handling are exhaustively cited as influencers in the response of glucocorticoids to a specific



51

stress, in a variety of vertebrates (Iwama et al. 2004; Busch and Hayward 2009; Madliger et
al. 2015; Birnie-Gauvin et al. 2017, Madliger et al. 2018). Thus, a cause-and-effect
relationship is not always very clearly described (Mommsen et al. 1999; Romero et al. 2009).

Marine teleosts regulate their internal salt concentrations and osmotic pressure at
levels well below seawater 370—-480 mOsmol/kg H.O x 1000 mOsmol/kg H2O (Freire and
Prodocimo 2007). Consequently, they tend to osmotically lose water over the entire
permeable surface area of the gills. To compensate for osmotic water loss and prevent
dehydration, must eliminate divalent ions as Mg?*, and SO42 mainly by the kidneys and the
monovalent salts, CI and Na*, by the gills (Takei and McCormick 2012). Cortisol release
promotes monovalent ion extrusion by the gills in marine species and, consequently, a lower
osmolality value in the high-cortisol responders could be expected. High osmolality
responders would correspond to low-cortisol responders and vice versa (Tort et al. 2001).
Besides that, cortisol has a substantial physiological impact on ion uptake in many teleosts,
but this function has not been fully elucidated due to the emphasis on the role of cortisol in
salt secretion (Takei and McCormick 2012).

The tightness of the specific responses patterns found in the present study are
reflected by the reproducibility of the responses between individuals of A. brasiliensis (black
circles), M. liza, S. brasiliensis, G. luteus, the cyanides (M. ancylodon, M. americanus, C.
microlepidotus), and some carangids (T. carolinus, O. saliens), even when either dead or
alive after trawling (green and blue circles).

The type of response to stress presented in individuals of A. brasiliensis (black circles)
was quite peculiar, with high levels of cortisol and magnesium and no marked variation in
chloride and osmolality values. Increased magnesium concentrations after exposure to a
stressful load have already been observed in other studies with other fish species. For
example, after 4 and 24 hours of transport at three densities tested for juveniles of
Oreochromis niloticus (Cichliformes, Cichlidae) (Moreira et al. 2015). And for Salmo salar
immediately after transport and transfer to sea, both experimental groups showed an
increase in plasma Mg* compared with pre-stress levels. In this same study, it was found that
sedated salmon returned to pre-stress levels in 72 hours, with non-sedated individuals
showing no recovery even one week after transport (lversen et al. 2009). Zaprudnova (2018)
revealed the dependency of magnesium concentration in red blood cells of fish on intensity
of stressor loads of different types: level of erythrocytic magnesium increased under the
effect of insignificant and average stressors (at physiological stress) and decreased — under
effect of significant loads (at pathological stress).

The individuals belonging to the cluster of blue and green circles apparently showed
great capacity to maintain osmoregulatory balance, both in individuals with low response and

in individuals with high response to cortisol. M. liza, S. brasiliensis, G. luteus, T. carolinus,
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and O. saliens are examples of species that maintained osmoregulatory maintenance after
stress in both individuals with high or low response to cortisol. And M. ancylodon, M.
americanus, and C. microlepidotus are examples of species that also showed maintenance
of osmoionic balance, however, with low responses to cortisol. Plasma cortisol concentration
is probably not a direct determinant of osmoregulatory mechanisms after acute stress in
Sciaenidae, and it is necessary to investigate the other mechanisms that support this type of
response.

The individuals represented by the red circles were not able to cope with this type of
stressor. A. thazard, P. corvinaeformis, and B. soporator, for example, presented
osmoregulatory rupture after the capture stress, evidenced by the difficulty in remaining
hyposmotic, possibly as a consequence of the low cortisol and glucose values. However, it
should be investigated whether low post-stress glucose levels were due to intense
mobilization of energy reserves or whether low cortisol levels did not allow glucose
mobilization.

Increased plasma glucose levels after stress are widely recognized, however plasma
glucose and hepatic glycogen concentrations vary substantially depending on the species,
stage of gonadal maturation (Wendelaar-Bonga 1997) and metabolic status of the animal
(Mommsen et al. 1999). In addition, it should also be considered that both cholinergic and
adrenergic pathways are involved in the production and/or re-availability of glucose
(Martines-Porchas et al. 2009). Evidence of a sexually dimorphic response between glucose
levels has been evidenced in some studies, being greater in females than in chub males
(Pottinger et al. 2000) or greater in males than zebrafish females (Wong et al. 2019). The
use of glucose as a stress marker shows better results in studies with cultivated species,
usually showing a significant correlation with cortisol levels (Pottinger et al. 2000, Trenzado
et al. 2003), what is expected, due to the fact that fish receive the same treatments and diet.
The different glucose concentrations in fish may also reflect the disparity in glucose
mobilization between fish with divergent low (LR) and high (HR) adrenocorticotropic
responses to stressors, perhaps linked to differential activation of glycogenolytic pathways
(Trenzado et al. 2003). The variations found in ionic and glucose concentrations can be
attributed to several factors not yet fully explored for the species studied (and not only driven
by stress), such as differences in lifestyle, sex, corticotropin-releasing factor and ACTH

release, and cortisol receptor affinity.

5. Conclusion

From this study, it was possible to evidence species-specific cortisol responses after

acute stress, demonstrating that not all species respond with high levels of cortisol after
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stress. In addition, it was possible to indicate distinct abilities among wild fish species in
coping with the same stressor: (i) species that have high cortisol, and magnesium response;
(i) species that have low/intermediate cortisol response and maintained the osmoionic
balance, and (iii) species that presented osmoregulatory disruption in the response to
capture stress. The repeatability of the stress response under different conditions
(treatments, season, collection site, etc.) shows that HPI axis regulation is indeed an
intraspecific factor. The variation in response between individuals of the same species may
be related to different coping styles (LR and HR).

The use of primary and secondary markers was adequate to contemplate the
variability of responses between species. For future studies it is suggested to determine the
basis of this variability, identifying the neuroendocrine and molecular functions that regulate

the different responses between species.
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Supplementary Material 1 - Validation of the cortisol ELISA assay

Validation of the cortisol ELISA was performed by plotting a standard curve (mean
absorbance values of standard solutions 20, 50, 100, 400 and 800 ng/mL"") and calculating
the cortisol concentration for each of the 4 selected plasma samples. The curve was plotted
with the log concentration of each standard solution against the logit optical density. Optical
density (OD) was calculated as the absorbance of each standard solution over the
absorbance of the zero-standard, with logit OD calculated by the Logit equation OD: log
(OD/(100-0OD)). The percent recovery was calculated by multiplying the ratio between the
measurements and the expected values by 100. To verify the parallelism (linearity test)
between the standard curve and diluted plasma samples, a plot of the relative log of serial
dilutions against the logit OD of these diluted samples was plotted and compared to the trend
of the standard curve.

The absorbance values for all standard solutions showed a coefficient of variation
lower than 7% (Table 1). The standard curve showed a high correlation coefficient between

Logit OD and the log of the concentration of standard solutions (r? = 0.9628) (Figure 1a).

Table 1. Optical density (OD) and logit OD of standard solutions values of plasma cortisol assay

Standard solutions (ng/mL-1) Absorbance (nm)* oD Logit OD
0 1.1495 (1,52) — —
20 0.894 (1,01) 0.777729448 -2.105780618
50 0.765 (5,88) 0.665506742 -2.173947621
100 0.535 (6,73) 0.465419748 -2.330129183
200 0.3645 (1,