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Summary 

Due to an ever-growing world population, the demand for aquatic food resources has 

increased constantly in the last decades and will continue to do so in the future. In order to 

meet the growing demand, aquaculture practices have intensified tremendously over the 

last decades. Current intensification of management practices is considered as a potentially 

severe threat to fish welfare and a sustainable production. Besides potential stressors due to 

the lack of optimization of management procedures, outdoor-based aquaculture systems are 

additionally prone to daily and seasonal environmental fluctuations. Therefore, cultured fish 

have to be able to cope with environmental fluctuations, such as changes in temperature 

and/or dissolved oxygen concentration, which could potentially cause stress. Stressful 

stimuli initiate an endocrine response in fish. For teleost fish, this includes among others, 

the release of cortisol via the hypothalamic-pituitary-interrenal axis. Furthermore, stress 

induces glucocorticoid-mediated changes in the fish’s energy metabolism (e.g. reallocation 

of energy resources) to provide energy in order to restore the homeostatic state, and 

subsequently to cope with the stressor. 

Several Asian countries, involving also several (sub-) tropical countries, are dominating the 

list of top producers in global aquaculture production. Thereby, milkfish (Chanos chanos) 

represents an important aquaculture species for some of these (sub-) tropical countries. As 

observed globally, milkfish aquaculture practices have been intensified markedly over the 

last decades. In particular, for Philippine milkfish aquaculture, it has been reported that 

these practices have led to associated negative consequences, such as a remarkable 

deterioration in water quality, which was linked, among others, to massive fish kill events. 

Surprisingly, until now, research on (chronic) stress or stress response of milkfish to 

different potential stressors under aquaculture conditions (environmental or management 

related) has received comparatively little attention. Therefore, the aim of this thesis was to 

identify and quantify potential environmental and management related stressors for 



 
 

milkfish, hereby intending to contribute to fish welfare in tropical aquaculture. For this 

purpose, different tools, from scale cortisol, (enzymatic) biomarkers to respiratory 

measurements, were used to assess the chronic stress response as well as metabolic 

implications for juvenile milkfish. Therefore, the thesis was divided into two parts: (i) the 

assessment of the stress-physiological response of juvenile milkfish when exposed to 

thermal and/or hypoxic stress under controlled laboratory conditions (Chapter II and III); 

and (ii) the quantification of chronic stress levels of milkfish cultured in commercial marine 

cage systems, thereby intending to identify prevailing stressors (Chapter IV). 

The outcomes of this thesis showed that even a comparatively mild increase in water 

temperature led to a significant chronic stress response in milkfish (increased scale cortisol; 

Chapter II). Furthermore, higher water temperature also significantly affected the 

metabolism of juvenile milkfish, demonstrated by enhanced metabolic rates and indications 

of reduced energy resources (Chapter III). Additionally, we could demonstrate that milkfish 

might be more susceptible to further stressors, such as decreasing dissolved oxygen 

concentrations, when exposed to thermal stress (Chapter III). Based on our results and 

considering anthropogenic induced climate change and warming as well as the strong 

temperature dependence of oxygen solubility, increasing water temperatures and hypoxic 

conditions should be considered as a future challenge for cultured milkfish. During our 

fieldwork in the most productive milkfish mariculture area of the Philippines, we could 

quantify chronic stress levels (scale cortisol) of milkfish cultured in commercial mariculture 

systems for the first time (Chapter IV). Thereby, we could report that milkfish experienced 

stressful conditions in commercial cage systems and are most likely exposed not only to a 

single but to a variety of chronically stressful stimuli over time (Chapter II vs Chapter IV).  

The outcomes of this thesis contribute to the foundational understanding and identification 

of prevailing stressors in milkfish mariculture. By aiming to pinpoint potential chronic 

stressors for milkfish, including changes in environmental conditions (e.g. increase in water 



temperature) as well as different aspects of typically applied management strategies (e.g. 

stocking density), the results and applied methods of this thesis can be used as an approach 

to optimize current culture conditions. This can consequently contribute to improve fish 

welfare and sustainability in milkfish mariculture as well as for other species cultured in 

(tropical) mariculture. 



 
 

Zusammenfassung 

Aufgrund der wachsenden Weltbevölkerung hat der Bedarf an aquatischen 

Nahrungsmittelressourcen in den letzten Jahrzehnten konstant zugenommen und wird auch 

in absehbarer Zukunft weiterhin ansteigen. Um dem wachsenden Bedarf gerecht zu werden, 

haben sich die Praktiken in der Aquakultur über die letzten Jahrzehnte deutlich intensiviert. 

Die gegenwärtige Intensivierung von Managementpraktiken stellt jedoch ein ernsthaftes 

Risiko sowohl für das Tierwohl als auch für eine nachhaltige Produktion in der Aquakultur 

dar. Neben den potenziellen Stressoren, aufgrund unzureichender Optimierung von 

Managementverfahren, sind Fische in Outdoor-Aquakultursysteme zusätzlich anfällig für 

tägliche und saisonale Umweltschwankungen. In Outdoor-Aquakultursystemen gehälterte 

Fische müssen demnach imstande sein, mit potenziell Stress auslösenden 

Umweltschwankungen, wie z.B. Veränderungen in der Temperatur und/oder 

Sauerstoffkonzentration, zurechtzukommen. Stressreize initiieren eine endokrine Reaktion 

in Fischen. In Knochenfischen (Teleostei) umfasst diese unter anderem die Freisetzung von 

Cortisol durch die Hypothalamus-Hypophyse-Interrenalzellen-Achse. Zudem induziert 

Stress Glukokortikoid-basierte Veränderungen im Energie-Metabolismus des Fisches (z.B. 

Umverteilung von Energieressourcen). Hierdurch wird Energie zur Verfügung gestellt, um 

somit den Gleichgewichtszustand (Homöostase) wiederherzustellen und folglich mit den 

Stressreizen zurechtzukommen. 

Mehrere asiatische Länder, dazu gehören auch einige (sub-) tropische Länder, dominieren 

die Liste von Top-Produzenten der globalen Aquakulturproduktion. Milchfisch (Chanos 

chanos) repräsentiert für mehrere dieser (sub-) tropischen Ländern eine wichtige 

Aquakulturart. Wie global zu beobachten ist, haben sich auch die Praktiken in der Milchfisch 

Aquakultur in den letzten Jahrzehnten deutlich intensiviert. Insbesondere über die 

philippinische Milchfischaquakultur wurde berichtet, dass die Intensivierung negative 

Auswirkungen zur Folge haben, wie zum Beispiel eine deutliche Verschlechterung der 



Wasserqualität, welche u.a. mit massiven Fischsterben in Verbindung gebracht wurde. 

Trotzdem hat bis jetzt die Forschung hinsichtlich (chronischen) Stress, bzw. 

Stressreaktionen, von Milchfischen auf unterschiedliche potenzielle Stressoren unter 

Aquakulturbedingungen (umwelt- oder managementbezogen) vergleichsweise wenig 

Beachtung gefunden. Aus diesem Grund war das Ziel dieser Doktorarbeit, potentielle 

umwelt- und managementbezogene Stressoren für Milchfische zu identifizieren und zu 

quantifizieren, um hiermit einen Beitrag zur Verbesserung der tropischen Aquakultur 

hinsichtlich des Fischwohls zu leisten. Zu diesem Zweck wurden unterschiedliche 

Methoden, von Fischschuppencortisol, (enzymatischen) Biomarkern bis hin zu 

Respirationsmessungen, angewendet, um chronischen Stress und metabolische 

Auswirkungen für juvenile Milchfische zu untersuchen. Hierzu wurde die vorliegende 

Doktorarbeit in zwei Teile unterteilt: um (i) die stress-physiologische Reaktion von 

juvenilen Milchfischen unter kontrollierten Laborbedingungen zu untersuchen, wenn diese 

Temperatur und/oder Hypoxie-Stress ausgesetzt sind (Kapitel II und III); und um (ii) 

chronischen Stress von Milchfischen zu quantifizieren, die in kommerziellen, marinen 

Fischkäfigen gehältert wurden, um somit vorherrschende Stressoren zu identifizieren 

(Kapitel IV). 

Die Ergebnisse dieser Doktorarbeit haben gezeigt, dass sogar ein vergleichsweise milder 

Anstieg der Wassertemperatur zu einer signifikanten, chronischen Stressreaktion in 

Milchfischen führt (erhöhte Level von Fischschuppencortisol; Kapitel II). Zusätzlich haben 

höhere Wassertemperaturen den Metabolismus von juvenilen Milchfischen signifikant 

beeinflusst. Dies konnte durch erhöhte Stoffwechselraten und Anzeichen auf verminderte 

Energieressourcen gezeigt werden (Kapitel III). Zudem konnte beobachtet werden, dass 

Milchfische, die Temperaturstress ausgesetzt sind, eine reduzierte Toleranz gegenüber 

weiteren Stressoren, wie beispielsweise abnehmende Sauerstoffkonzentrationen, aufweisen 

(Kapitel III). Basierend auf unseren Ergebnissen und unter Berücksichtigung des 

anthropogen bedingten Klimawandels und der Erwärmung, sowie der starken 



 
 

Temperaturabhängigkeit von Sauerstofflöslichkeit im Wasser, stellen steigende 

Temperaturen und hypoxische Bedingungen eine zukünftige Herausforderung für die 

Milchfischaquakultur dar. Während unserer Feldarbeit in einer der produktivsten Gebiete 

für marine Milchfischaquakultur auf den Philippinen, konnten wir das ersten Mal 

chronische Stresslevel (Fischschuppencortisol) von Milchfischen in kommerziellen, marinen 

Aquakultursystemen quantifizieren (Kapitel IV). Dabei konnten wir feststellen, dass 

Milchfische in kommerziellen, marinen Fischkäfigen stressige Bedingungen erfahren und 

dabei sehr wahrscheinlich nicht nur einem einzelnen, sondern einer Vielzahl von 

chronischen Stressreizen ausgesetzt sind (Kapitel II vs Kapitel IV). 

Die Resultate der vorliegenden Doktorarbeit tragen zum grundlegenden Verständnis und 

Identifizierung vorherrschender Stressfaktoren für den gehälterten Fisch in der 

Milchfischaquakultur bei. Mit dem Ziel, potenzielle chronische Stressfaktoren, einschließlich 

Änderungen von Umweltbedingungen (z.B. Anstieg in der Wassertemperatur) sowie 

unterschiedliche Aspekte von typischen Managementstrategien (z.B. Besatzdichte), für 

Milchfisch in der Aquakultur aufzuzeigen, können die Ergebnisse und die angewandten 

Methoden dieser Doktorarbeit als Ansatz zur Optimierung gegenwärtige 

Halterungsbedingungen verwendet werden. Folglich, um somit dazu beizutragen sowohl 

das Tierwohl als auch die Nachhaltigkeit in Milchfisch- als auch in anderen (tropischen) 

marinen Aquakulturen zu verbessern. 
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General Introduction 

1. Aquaculture: An increasingly important food production sector 

Due to an ever-growing world population, the demand for food resources and accordingly 

the pressure on the food production industry has increased constantly in the last decades 

and will continue to do so in the future. Thereby, aquatic food resources are of great 

importance for human consumption, in particular as source of protein. Historically, the 

capture fishery industry represented the dominating sector for food fish supply. However, 

increasing fishing efforts have led to overfishing and consequently a decline in global 

catches since the late 1980s (Pauly et al., 2002). Conversely, over the last decades, 

aquaculture production has become ever more important in meeting global food fish 

demand (Bostock et al., 2010). In 2017, the global production of fish and other aquatic 

animals (such as crustaceans and molluscs) reached 172.6 million tonnes (mt), of which 

80.1 mt were produced by aquaculture (FAO, 2019). At that time, aquaculture production 

contributed more than 60 % (238 billion USD) to the estimated sale value of the total 

production of aquatic resources (383 billion USD) (FAO, 2019).  

 

Figure 1. The development of global food fish production over the last 70 years. 
Source: FAO, 2019 
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Although the annual growth rate of world aquaculture production decreased over the last 

years (2011-2017) with a current annual growth rate of 4.8 % compared to the 2000s with 

5.9 % and the 1990s with 9.5 %, overall, annual growth rates in aquaculture production are 

still considerably higher compared to capture fishery production (FAO, 2019, 2016, 2012). 

The list of top producers in aquaculture production (in quantity; excluding aquatic plants) is 

dominated by Asian countries with China (2017: 46.8 mt) on the leading position, followed 

by India (2017: 6.2 mt), Indonesia (2017: 6.2 mt) and Vietnam (2017: 3.8 mt) (FAO, 2019, 

2018, 2017). In terms of main cultured species, the major contributor (2017: 66 %) in global 

aquaculture production is the finfish production (FAO, 2019, 2016, 2012). Thereby, highest 

production yields (quantity) in finfish aquaculture were reported for several species of the 

order Cypriniformes and for Nile tilapia (Oreochromis niloticus): While production yields of 

grass carp (Ctenopharyngodon idellus) amounted to 5.5 mt (12.7 billion USD) those of silver 

carp (Hypophthalmichthys molitrix) and common carp (Cyprinus carpio) were 4.7 mt (10.3 

billion USD) and 4.1 mt, (8.6 billion USD), respectively. Production yields of Nile tilapia 

amounted to 4.1 mt (7.6 billion USD). However, the highest production value of 16.7 billion 

USD (2.4 mt) was reported for the aquaculture production of Atlantic salmon (Salmo salar) 

(FAO, 2019). 

2. Stressors in aquaculture production 

In order to meet the growing demand for food fish, aquaculture practices have intensified 

tremendously over the last decades. This intensification is accompanied by increasing 

concerns, especially with regard to fish welfare and sustainability. Overall, the steadily on-

going and increasing demand for food fish has raised questions, such as: How does this 

development affect aquaculture practices? And can we meet these increasing needs within a 

sustainable and animal-friendly framework?  

Current intensive culture practices encompass a variety of potentially severe stressors for 

cultured fish (Figure 2) (Ashley, 2007). A stressor is commonly defined as an intrinsic (e.g. 
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reproduction) or extrinsic (e.g. environmental conditions) stimulus, which threatens or 

disturbs the homeostasis (see 4.1 The concept of stress) of an organism (Chrousos and Gold, 

1992; Wendelaar Bonga, 1997). Intensification of culture practices is usually related to 

higher stocking densities. For several important aquaculture species, such as Atlantic 

salmon (Calabrese et al., 2017), rainbow trout (Oncorhynchus mykiss) (Yarahmadi et al., 

2016) and common carp (Ruane et al., 2002), it is known that high stocking density can 

cause stress in cultured fish, thereby impairing fish welfare (e.g. fin erosion (Ellis et al., 

2008)), immune functions and consequently fish growth. Furthermore, stocking density is 

closely linked to water quality (Ashley, 2007; Ellis et al., 2002) as higher stocking densities 

can cause a deterioration in water quality due to high organic matter input, e.g. food and 

faeces. This is especially problematic in recirculation systems with insufficient water 

exchange (Foss et al., 2006). However, species-dependent, low stocking densities can affect 

cultured fish, too. For Arctic charr (Salvelinus alpinus) it has been reported, that higher 

stocking densities resulted in increased growth rates and less agonistic interactions 

compared to lower densities (Brown et al., 1992). Consequently, it is of utmost importance 

to obtain detailed knowledge on the optimal stocking densities of the respective aquaculture 

species.  

Besides higher stocking densities, the intensification of culture practices may also lead to 

the practice of intensified supplementary feeding. Hereby, cultured fish can be affected 

directly or indirectly due to a decrease in water quality. It has been reported that high 

feeding frequencies can induce a rise in stress response in some aquaculture species (Fan et 

al., 2017; Li et al., 2014). In contrast, also feed restrictions can negatively affect fish 

performance: Feed restriction can lead to aggressive behaviour and enhanced fin damage 

(Cañon Jones et al., 2010; Hatlen et al., 2006), consequently reduce fish welfare. Thus, 

inadequate feeding strategies, such as overfeeding or feed restriction, have the potential to 

impair cultured fish (López-Olmeda et al., 2012; Sneddon et al., 2016). 



General Introduction 

 

5 
 

The intensification of culture practices can also enhance the frequency of handling 

procedures, such as grading or transport. These handling procedures can cause a significant 

increase in stress responses (Acerete et al., 2004; Barcellos et al., 2011), making cultured 

fish more susceptible to additional stressors. Furthermore, it has been suggested that rough 

meteorological conditions during transport to the sea site in combination with handling 

stress during loading might have led to cumulative or additive stress and consequently to 

higher mortality rates of Atlantic salmon smolts (Iversen et al., 2005).  

 

Figure 2. Potential stressors for fish in aquaculture systems. 

 

To summarize, all the above mentioned management-related stressors can negatively affect 

cultured fish. Moreover, most of these intensive culture practices (e.g. high stocking 

densities and high supplementary feeding) can severely pollute the surrounding 

environment when applied in out-door based systems. This can threaten a sustainable 

production. 

Nevertheless, one of the primary factors impairing cultured fish is usually the exposure to 

poor or suboptimal water quality conditions within the culture system (Sneddon et al., 
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2016). Thereby, a variety of different water parameters can be detrimental for the cultured 

fish: Nutrient concentrations (nitrate, nitrite, ammonia), pH, salinity, dissolved oxygen (DO) 

and temperature can significantly affect fish performance and should thus be kept within 

the optimal range of cultured fish. However, in outdoor-based culture systems, it might be 

difficult to maintain optimal environmental conditions for cultured fish due to daily and/or 

seasonal fluctuations of environmental parameters. Challenges of changing or suboptimal 

environmental conditions will be described in the framework of this thesis, thereby, in 

particular, the effect of changing water temperature and dissolved oxygen (DO) will be 

discussed (Chapter II + III). 

3. Fish under stress 

3.1 The concept of stress  

Although research on stress (response) and the consequences of stress has a long history 

and is still a popular and important research area, the definition of stress is still a 

controversial issue. Selye (1973) was one of the first defining the term “stress”, using the 

following definition: “Stress is the nonspecific response of the body to any demand made 

upon it”. Over the last decades, the definition of stress developed further and the depiction 

of stress became more complex, such as “stress in fish is a state caused by a stress factor, or 

stressor, that deviates from a normal resting or homeostatic state” by Barton and Iwama 

(1991). Later in this context, Chrousos (2009) wrote: “All living organisms maintain a 

complex dynamic equilibrium, or homeostasis, which is constantly challenged by internal or 

external adverse effects, termed stressors. Thus, stress is defined as a state, in which 

homeostasis is actually threatened or perceived to be so”. For fish, this research area 

became especially important with regard to aquaculture and potential stress(ors) for 

cultured fish. The process to maintain a homeostatic state is referred to as “the concept of 

allostasis”, thus “maintaining stability through change” (McEwen and Wingfield, 2003). 

Primary mediators of allostasis are among others glucocorticoids, which are released 

through the activation of the hypothalamus-pituitary-interrenal (HPI) axis in fish. This 
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process can be energetically costly for the fish depending on duration, intensity, severity, 

controllability, and predictability of the stress. Thereby, the cumulative cost for the fish is 

referred to as “allostatic load” (McEwen and Wingfield, 2003).  

3.2 Endocrine stress response in teleost fish 

The endocrine stress response of fish involves two response axes (Figure 3), the 

hypothalamus-sympathetic-chromaffin cell (HSC) axis, which leads to the release of 

catecholamines, and the HPI axis, leading to the release of glucocorticoids (Wendelaar 

Bonga, 1997). For teleost fish the primary glucocorticoid is cortisol. The physiological stress 

response in fish begins with the perception of a stressful stimulus by the central nervous 

system. While catecholamines are released within seconds, due to the stimulation of 

chromaffin cells by sympathetic fibres, the release of cortisol from interrenal cells is slightly 

delayed with a lag time of minutes (Barton, 2002; Wendelaar Bonga, 1997). The activation 

of the HPI axis involves the release of the corticotropin-releasing hormone (CRH) from the 

hypothalamus, which triggers the corticotropic cells of the pituitary gland to release 

adrenocorticotropin (ACTH) (Barton, 2002). Consequently, cortisol is released by the 

interrenal cells due to the stimulating effect of ACTH.  

 

Figure 3. Endocrine stress response in teleost fish. Two response axes are involved in 
the endocrine stress response after the perception of a stressful stimulus: the 
hypothalamus-sympathetic-chromaffin cell (HSC) axis, which leads to the release of 
catecholamines, and the hypothalamus-pituitary-interrenal (HPI) axis, leading to the release 
of cortisol. Source: adapted from Wendelaar Bonga (1997). 
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The release of catecholamines and cortisol into the circulation leads to a variety of 

physiological reactions on respective target tissues. For catecholamine this involves, among 

others, the rapid mobilization of energy reserves (e.g. glucose) to fuel the increased energy 

demand due to stressful stimuli or to regulate cardiovascular and respiratory functions to 

maintain oxygen levels (Reid et al., 1998). For cortisol this also involves the mobilization 

and reallocation of energy as a result of stress-induced increased energy demand. 

Furthermore, depending on the developmental stage of the fish and the duration, intensity, 

severity, controllability, and predictability of the stressor, the secretion of cortisol, as part of 

the stress response, can induce a restriction of energy-demanding processes, such as growth 

or reproduction (Faught et al., 2016).  

3.3 How to quantify stress?  

As described in Barton (2002), the physiological reactions involved in the stress response of 

fish can be grouped in primary, secondary and tertiary stress responses. In this context, the 

increase in both catecholamines and cortisol represents the primary stress response in 

teleost fish. Cortisol is an accepted biomarker for stress across teleost fish species (Demers 

and Bayne, 1997; Koakoski et al., 2012; Pottinger and Carrick, 1999). Cortisol can be 

measured in a variety of different matrices. Besides plasma, matrices, such as faeces, hair 

and milk for mammals, excreta and feathers in birds and excreta as well as culture water for 

fish have been used to measure cortisol (Cook, 2012). To interpret the response in cortisol 

correctly, a distinction must be made between an acute and a chronic stress response. Short 

elevations of cortisol, as seen in acute stress, are usually adaptive and can even be 

temporarily profitable for the fish. Chronic stress, however, can lead to a long-term 

elevation of plasma cortisol and can be detrimental for the fish, resulting in a decreased fish 

performance or even reduced survival (Barton, 2002). The analysis of plasma cortisol is a 

commonly used method to measure stress response in fish. However, plasma cortisol solely 

provides a snapshot of the HPI axis activity. A recent study from Aerts et al. (2015) has 

demonstrated that scale cortisol is an adequate biomarker for chronic stress in teleost fish 
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by providing a retrospective view on HPI axis activity. Therefore, in the framework of this 

thesis, scale cortisol was chosen to quantify chronic stress. 

The endocrine response is directing the secondary stress response in fish, including, among 

others, metabolic and cellular changes (Barton, 2002). Changes in the metabolism on a 

cellular level can be assessed by determining the activity of the electron transport system. 

Additionally, changes in the activity of enzymes involved in the aerobic, e.g. isocitrate 

dehydrogenase, and in the anaerobic metabolism, e.g. lactate dehydrogenase, can be 

determined in this context. Furthermore, the cellular energy allocation can provide 

information about how stress might affect energy resources, such as proteins, 

carbohydrates and lipids (De Coen and Janssen, 1997; Verslycke and Janssen, 2002). The 

analyses of ROS (reactive oxygen species)-scavenging enzymes, such as the superoxide 

dismutase and catalase, and the measurement of potential cellular damages due to oxidative 

stress, e.g. lipid peroxidation, are adequate tools to evaluate the antioxidant response in 

stressed fish (Madeira et al., 2016; Silva et al., 2016). 

Finally, the tertiary stress response involves changes on the organism level, such as whole-

organism performance or growth (Barton, 2002). In this context, using body condition 

indices or respiratory measurements on the whole organism are approved methods to 

monitor fish performance and growth. 

4. Trends in milkfish aquaculture 

4.1 Traditional vs current aquaculture production 

Finfish aquaculture production in Asia is mainly dominated by several species of the order 

Cypriniformes and tilapia (APFIC, 2014; FAO, 2019). However, with a total production of 

>1.7 mt, hereby listed at position 11 of the world aquaculture production (in quantity) in 

2017 (FAO, 2019), milkfish (Chanos chanos) represents another important aquaculture 

species, especially for South-East Asian countries. According to the Asia-Pacific Fishery 

Commission, milkfish is (in quantity) the most popular fish species cultured in marine 
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environments in Asia (APFIC, 2014). Traditionally, the Philippines have been the leading 

producer of milkfish. Although during the last decades Indonesia took over the lead (in total 

quantities), the Philippines still remains one of the top producers (APFIC, 2014).  

As euryhaline species, milkfish can be cultured in fresh, brackish and marine environments. 

Nowadays, a wide range of different aquaculture systems are used to culture milkfish 

(Figure 4), including ponds, pens and cages (Bagarinao, 1991; de Jesus-Ayson et al., 2010).  

Traditionally, milkfish are cultured in large shallow brackish water earthen pond systems. 

Here, they are fed by natural food resources, such as algal mats (in the Philippines referred 

to as “lab lab”) with no or only minor supplementary feeding (de Jesus-Ayson et al., 2010). 

However, culture practices intensified over the last decades and other systems, such as pens 

and cages, also became popular for culturing milkfish in fresh and marine environments 

(APFIC, 2014; Marte, 2010).  

 

Figure 4. Different types of outdoor-based culture systems used for milkfish 
aquaculture. Ponds are traditionally used as brackish water (but range from fresh to 
marine water), land-based and either shallow or deep-water systems. Pens are usually 
shallow but large-sized systems, which are traditionally made from bamboo, located in 
lakes, estuaries or coastal areas. Cages are more size-restricted systems, made from 
bamboo, metal or high-density polyethylene pipes. Cages are used in freshwater lakes, 
coastal areas (shallower) or “offshore” (deeper waters). 

 

In the Philippines, mariculture activities (cages and pens) for milkfish production did not 

become relevant until the 1990s. Within the first years, mariculture production increased 

rapidly from ~220 tonnes in 1997 to ~80,000 tonnes in 2007 (Bureau of Fisheries and 

Aquatic Resources, 2007, 2001). In a typical production cycle, milkfish fry (wild-caught or 

reared in hatcheries) are cultured in nursery ponds up to fingerling size. After reaching the 
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required size, fingerlings are transported into the respective grow-out system, which can be 

a pond, pen or cage (de Jesus-Ayson et al., 2010). Fingerlings intended to be stocked in 

mariculture systems starting from approx. 10 g (or higher) in weight and are harvested after 

6-8 months at a weight of 400-700 g (Marte et al., 2000). However, the harvest size can vary 

considerably depending on the current economic situation and market price.  

4.2 Challenges in milkfish mariculture 

In the last centuries, milkfish aquaculture practices have been intensified markedly (e.g. 

higher stocking density and feeding rates). This has led to associated negative 

consequences, such as environmental pollution (David et al., 2009; San Diego-McGlone et al., 

2008). Due to the growing economic importance of milkfish aquaculture, especially in 

Southeast Asian countries, more and more concerns have been raised about current 

aquaculture practices, in particular, after re-occurring fish kill events (Figure 5). Over the 

last decades, several massive fish kill events with large economic losses have been reported 

for the Philippines, of which the mariculture production of the province Pangasinan was 

particularly affected (Escobar et al., 2013; Jacinto, 2011). In 2002, a major fish kill event 

caused a huge economic shock in the Philippine aquaculture production. The losses were 

estimated to amount to around 500M PhP (~9M USD) (Escobar et al., 2013; Jacinto, 2011). 

These fish kill events were possibly linked to a significant deterioration in water quality, due 

to progressive eutrophication, (toxic) algal blooms and consequently decreasing DO 

concentrations (Azanza et al., 2005; Escobar et al., 2013; San Diego-McGlone et al., 2008). 

  

Figure 5. Collection of press releases reporting fish kill events in the Philippines. 
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In addition to the current stressful stimuli, climate change and warming may lead to further 

challenges in the milkfish production. Fluctuations in related environmental parameters, 

such as temperature and DO, should be considered as severe stressors for milkfish and 

other cultured fish in outdoor-based culture system (e.g. ponds, pens or cages). 

4.3 Study site: Mariculture practices in Bolinao (Philippines) 

The province Pangasinan is the most productive region for milkfish mariculture (marine 

cages and pens) in the Philippines (BFAR, 2016). Bolinao, a municipality of Pangasinan, is 

located at the western side of the Lingayen Gulf at the northwest coast of Luzon Island 

(Figure 6). Here, mariculture production of milkfish started in 1995 (Verceles et al., 2000). 

After estimating the carrying capacity of the mariculture area, the Municipal Fisheries 

Ordinance recommended a maximum number of mariculture structures in 1999. However, 

Bolinao continues to struggle with re-occurring fish kill events (Figure 4), most likely due to 

intensive aquaculture practices and more active mariculture structures than 

recommendable (David et al., 2014; Verceles et al., 2000). 

 

Figure 6. Location of the study site. The municipality Bolinao is located at the western 
side of the Lingayen Gulf at the northwest coast of Luzon Island. 
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In order to understand the ecological and socio-economic consequences of aquaculture 

practices in tropical coastal ecosystems, the project ACUTE (AquaCUlture practice in 

Tropical coastal Ecosystems) was initiated to examine the consequences of intensive 

mariculture practices in the Guiguiwanen Channel in Bolinao. Within the framework of a 

multidisciplinary approach, this thesis is part of the work package “fish physiology”, which 

intended to investigate the effect of current culture practices on cultured fish. 

5. Knowledge gaps, aims and outline of the thesis 

Despite the growing economic importance of aquaculture in Southeast Asian countries, 

research on (chronic) stress or stress response of milkfish to different potential stressors 

under aquaculture conditions (environmental or management related) has received 

comparatively little attention. With regard to potential environmental stressors, the 

pertinent literature on milkfish mainly focuses on the effect of changes in salinity (Chang et 

al., 2018; Hu et al., 2015), pollution (Kumar et al., 2016; Rajeshkumar and Munuswamy, 

2011) or sudden temperature drops during winter (Chang et al., 2016; Hsieh et al., 2003). 

However, considering anthropogenically induced climate change and warming and current 

challenges in milkfish aquaculture, it is crucial to profoundly understand potential effects of 

increasing temperatures as well as critical limits of DO concentrations for milkfish. Studies 

focusing on potential management related stressors and consequently the (chronic) stress 

response in cultured milkfish are scarce. Research studies on milkfish with consideration of 

applied aquaculture practices, such as stocking density or transport conditions, primarily 

investigated mortality rates, the holding capacity or cost efficiency for different culture 

systems/practices (Eldani and Primavera, 1981; Garcia et al., 2000; Sumagaysay-Chavoso 

and San Diego-McGlone, 2003).  

Therefore, the aim of this thesis was to identify and quantify potential environmental and 

management related stressors for milkfish, in particular with focus on realistic conditions 

under mariculture practices, thereby intending to contribute to fish welfare in tropical 
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aquaculture. For this purpose, different tools, from scale cortisol, (enzymatic) biomarkers to 

whole-fish performance, were used to assess the chronic stress response and metabolic 

implications for juvenile milkfish. Furthermore, the thesis was divided into two parts: (i) 

experimental part, to examine the effect of specific environmental parameters on juvenile 

milkfish under laboratory conditions (Chapter II + III) and (ii) fieldwork, to quantify the 

chronic stress response of juvenile milkfish under commercial aquaculture conditions 

(Chapter IV).  

In chapter II, the effect of thermal stress on juvenile milkfish was investigated with the 

following research question: Does increasing water temperature constitute a chronic 

stressor for juvenile milkfish? To our knowledge, this is the first study using scale cortisol to 

evaluate chronic stress in milkfish. Consequently, another question was: Are ontogenetic 

(OG) and regenerated (RG) scale cortisol an effective tool to quantify chronic stress in 

milkfish?  

Chapter III displays the effect of thermal and hypoxic stress on juvenile milkfish, thereby 

tackling the following research questions: What are the metabolic consequences for juvenile 

milkfish when exposed to higher water temperature? Does juvenile milkfish exhibit 

indications of oxidative stress when exposed to thermal stress? Hereto, a variety of 

(enzymatic) biomarkers, related to (an/aerobic) metabolic and antioxidant defence actions, 

were tested. Furthermore, how tolerant are juvenile milkfish to hypoxic conditions? 

Thereby, the critical oxygen saturation (Scrit) was determined as an indicator for hypoxia 

tolerance of milkfish. And consequently, how is the Scrit affected by higher water 

temperature? 

In chapter IV, the chronic stress response of juvenile milkfish cultured in open marine fish 

cages was quantified using OG scale cortisol. This is the first study quantifying chronic stress 

of juvenile milkfish within a commercial mariculture setting. The main research questions 

for this field study were: Does milkfish cultured under commercial mariculture conditions 
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exhibit indications of chronic stress over time? Does the stress response (OG cortisol level) 

differ between culture systems using different management strategies? And can we identify 

prevailing stressors for milkfish under commercial mariculture conditions?  

6. Publication overview 

Chapter II has already been published, Chapters IV is submitted, and Chapter III is in 

preparation for publication in an international peer-reviewed journal. 

Chapter II: Thermal stress response of juvenile milkfish (Chanos chanos) quantified by 

ontogenetic and regenerated scale cortisol 

Inken Hanke, Bart Ampe, Andreas Kunzmann, Astrid Gärdes and Johan Aerts 

Published in the journal Aquaculture, February 2019, Volume 500, doi: 

https://doi.org/10.1016/j.aquaculture.2018.09.016 

Author contribution: Conceived and designed the experiments: IH, AK, AG, JA. Performed the 

experiments: IH. Analysed the data: IH, JA. Contributed reagents/materials/analysis tools: 

AK, AG, and JA. Wrote the paper: IH, JA. Performed the scale and water glucocorticoid 

analyses: IH. Performed the statistical analyses: BA. Discussed the results and contributed to 

the final manuscript: IH, BA, AK, AG, JA. 

Chapter III: Metabolic implications and oxidative stress response of juvenile milkfish (Chanos 

chanos) exposed to thermal and hypoxic stress 

Inken Hanke, Johan Aerts, Astrid Gärdes and Andreas Kunzmann 

Manuscript in preparation 

Author contribution: Conceived and designed the experiments: IH. Performed the 

experiments and analytical analyses: IH. Analysed the data: IH. Contributed 

reagents/materials/analysis tools: AK, AG. Wrote the paper: IH. Performed the statistical 

analyses: IH. Discussed the results and contributed to the manuscript: IH, JA, AG, AK. 
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Chapter IV: Chronic stress under commercial aquaculture conditions: scale cortisol to identify 

and quantify potential stressors in milkfish (Chanos chanos) mariculture 

Inken Hanke, Christiane Hassenrück, Bart Ampe, Andreas Kunzmann, Astrid Gärdes and 

Johan Aerts 

Manuscript under review for the journal Aquaculture 

Author contribution: Conceived and designed the experiments: IH. Performed the 

experiments: IH, CH. Analysed the data: IH, JA. Contributed reagents/materials/analysis 

tools: AK, AG, JA. Wrote the paper: IH. Performed the scale cortisol analyses: IH. Performed 

the statistical analyses: BA. Discussed the results and contributed to the final manuscript: 

IH, CH, BA, AK, AG, JA. 

 

 Contribution of the candidate in % of the total 
workload 

 
Chapter II Chapter III Chapter IV 

Experimental concept and 
design 

90 90 90 

Experimental work and/or 
acquisition of (experimental) 
data 

90 90 90 

Data analysis and 
interpretation 

50 100 70 

Preparation of figures and 
tables 

100 100 100 

Drafting of the manuscript 85 100 100 
 

 

 

 

 



General Introduction 

 

17 
 

Additional contributions: 

 (I) Free-living and particle-associated bacterioplankton communities in an intensive open-

cage finfish aquaculture area 

Christiane Hassenrück, Jennifer Bachmann, Inken Hanke, Chyrene Moncada, Morten Iversen, 

Cecilia Conaco, Hans-Peter Grossart, Astrid Gärdes 

Manuscript in preparation (Abstract, see Appendix) 

(II)  Structure of milkfish gut microbial communities in open-cage mariculture 

Christiane Hassenrück, Inken Hanke, Hannes Reinwald, Yustian Alfiansah, Stefan Effkemann, 

Andreas Kunzmann, Hans-Peter Grossart, Johan Aerts, Astrid Gärdes 

Manuscript in preparation (Abstract, see Appendix) 
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Abstract 

Milkfish (Chanos chanos) is one of the most important aquaculture species in Asian 

countries. These teleost fish are traditionally cultured in outdoor-based systems and 

therefore have to cope with daily and/or seasonally changing environmental conditions. 

Temperature changes beyond the optimal range of a species are known to induce an 

endocrine stress response through activation of the hypothalamic-pituitary-interrenal (HPI) 

axis, hereby triggering the release of cortisol in order to regain homeostasis. The pertinent 

literature on milkfish lacks data on chronic stress, however, long-term elevations of cortisol 

are known to be detrimental for the fish performance. This study is the first on chronic 

stress in juvenile milkfish quantified by using ontogenetic (OG) and regenerated (RG) scale 

cortisol. We analyzed scale cortisol of juvenile milkfish, which were exposed to a gradual 

temperature increase of 1 °C per day in the range from 26 °C to 33 °C, followed by an 

exposure to constant 33 °C for 21 days. Significant higher RG scale cortisol concentrations 

were observed in juvenile milkfish exposed constantly to 33 °C, compared to milkfish kept 

at 26 °C. Even the gradual temperature increase from 26 °C to 33 °C over 7 days resulted 
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into higher OG scale cortisol concentrations. Although milkfish showed reduced growth in 

the first 7 days at 33 °C, overall fish growth was positively affected by higher temperature. 

As anthropogenic activities affecting the climate are increasing, and taking into account the 

widespread use of outdoor aquaculture systems, which are prone to natural fluctuations, an 

increase in temperature is most likely to be considered a stressor in milkfish aquaculture, as 

indicated by our results. Hereby, the use of scale cortisol was shown to be effective to 

quantify even minute and gradual temperature changes, making it a powerful tool in 

optimizing aquaculture systems as well as in monitoring gradual climate changes in wild 

stock. 

Keywords: Aquaculture, milkfish, stress, cortisol, temperature 

1. Introduction 

Milkfish (Chanos chanos) is one of the most important aquaculture species in Asian 

countries (de Jesus-Ayson et al., 2010; FAO, 2017). In 2015, the annual global production of 

milkfish reached >1.1 M tons with the Philippines, Indonesia and Taiwan as main producers 

(de Jesus-Ayson et al., 2010; FAO, 2017). The euryhaline nature of this teleost fish has led to 

a wide range of different culture systems integrated into fresh (e.g. lakes), brackish (e.g. 

ponds) as well as marine environments (e.g. coastal areas) (Bagarinao, 1994; de Jesus-

Ayson et al., 2010). Milkfish are traditionally cultured in pond systems (usually brackish), 

but nowadays also cages or pen systems are widely used (fresh - marine). In a typical 

production cycle, wild-caught or in hatcheries reared fry (2-3 cm) are cultured in nursery 

ponds up to the required “fingerling” size (5-8 cm, 30-40 g), after which they are 

transported to grow-out ponds, pens or cages until harvest (20-40 cm, 400-700 g, 

depending on the market price) (Bagarinao, 1994; de Jesus-Ayson et al., 2010). 

The global intensification in aquaculture has led to an increasing threat for fish performance 

by a variety of multi-level stimuli (Ashley, 2007; Conte, 2004). Fish management procedures 

including, but not limited to stocking density (Lupatsch et al., 2010; Montero et al., 1999; 
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Ruane et al., 2002; Schram et al., 2006), feeding strategy (Li et al., 2014; Sitjà-Bobadilla et al., 

2005), sorting and transport (Acerete et al., 2004; Iversen et al., 2005), as well as 

environmental conditions, such as global temperature rise, can potentially cause stress and 

affect fish performance and welfare. Depending on the type, duration, severity, (un-) 

predictability, and (un)controllability of a stimulus or better of a set of stimuli, whole body 

performance (metabolism, growth), reproduction and immune system can be negatively 

affected (Barton, 2002), resulting in a decline in production yield and fish welfare. 

Subsequently, a more sustainable aquaculture is pivotal. 

Besides potential stressors due to the lack of optimization of one or more fish management 

related procedures, outdoor systems, as commonly encountered in milkfish aquaculture, are 

additionally prone to daily and seasonal environmental fluctuations. For decades, salinity 

and how changes in salinity affects milkfish adaptation (Lin et al., 2003; Tang et al., 2009; 

Yang et al., 2016), metabolism and growth (Alava, 1998; Chang et al., 2018; Swanson, 1998, 

1996) was the main parameter studied. Though milkfish are ectothermic and therefore 

strongly affected by temperature, comparatively few studies focused on the potential of 

temperature as a stressor in milkfish aquaculture. Water temperature in milkfish culture 

systems typically varies between 24 °C and 33 °C, with limits at 15 °C and 40 °C during cold 

snaps or heat waves, respectively, depending on the geographic region (Bagarinao, 1994; 

Martinez et al., 2006; Verceles et al., 2000). In this framework, the pertinent literature 

mainly focuses on sudden temperature drops during winter (Chang et al., 2018; Kang et al., 

2015; Kuo and Hsieh, 2006). Hsieh et al. (2003), for instance, reported a hyperglycemic and 

hyperlactemic plasma response in milkfish exposed to a cold shock treatment (15 °C) as 

indicators for acute stress. At present, data on the effect of temperature increase on milkfish 

are scarce. 

Fish faced with stressful stimuli launch an endocrine stress response through activation of 

the hypothalamic-sympathetic-chromaffin cell (HSC) axis and hypothalamic-pituitary-
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interrenal (HPI) axis in order to cope with the perturbed situation (Wendelaar Bonga, 

1997). Catecholamines are released within seconds (via HSC axis), while glucocorticoids, 

cortisol or corticosterone depending on the species, are released within minutes (via HPI 

axis) into the plasma (Wendelaar Bonga, 1997; Barton 2002). Across teleost fish species, 

cortisol is generally accepted as biomarker for stress (Demers and Bayne, 1997; Grutter and 

Pankhurst, 2000; Koakoski and Oliveira, 2012). In this physiological reaction to a stressor, 

distinction must be made between ‘eustress’, characterized by (mild) stressors with positive 

consequences (e.g. increased metabolic performance) and ‘distress’, characterized by (more 

severe) stressors with adverse effects, which can be adaptive or maladaptive (Schreck and 

Tort, 2016). Furthermore, one must distinguish between acute and chronic stressors as 

short elevations of cortisol, as seen in acute stress, are normally adaptive and can be 

temporarily profitable for the fish. On the other hand, long-term elevations of cortisol are 

known to be detrimental as they result in a decreased performance (growth, reproduction), 

immunity and even survival (Barton, 2002; McEwen and Wingfield, 2003). As plasma 

cortisol solely provides a snapshot of HPI axis activity, other matrices, such as mucus, feces 

and water were considered, but found inadequate to capture chronic stress (Cook, 2012). 

Recently, scale cortisol, using ontogenetic as well as regenerated scales, was proven to 

reflect chronic stress in fish (Aerts et al., 2015). 

In our study the effect of high water temperature on milkfish was tested: (i) a gradual 

increase of 1 °C a day from 26 °C to 33 °C, followed by (ii) a 21-day exposure of constant 33 

°C, using ontogenetic and regenerated scale cortisol, respectively. This is to our knowledge 

the first study using scale cortisol to evaluate chronic stress in milkfish. We predicted that a 

minute and gradual increase as well as a constantly high water temperature would 

potentially constitute chronic stressors for milkfish reflected by increased scale cortisol. 
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2. Material and methods 

2.1 Experimental setup 

Experiments were conducted in the Leibniz-Centre for Tropical Marine Research (ZMT) in 

Bremen (Germany) according to German guidelines and regulations regarding animal 

welfare (permission according to §11 section 1 clause 1, Tierschutzgesetz). Juvenile milkfish 

(4 months) were provided by the Brackish Water Aquaculture Development Center from 

Situbondo (Indonesia) and were transported to ZMT within 24 hours. Upon arrival, all 256 

fish were quarantined in a single recirculation system (RAS) of 2500 L. After six weeks (0.01 

% mortality, N = 3), 150 fish were randomly selected and equally divided in six 

experimental tanks and allowed to further acclimatize for four weeks. Each tank was 

integrated into an independent experimental RAS of 250 L, each equipped with a bio-filter, 

automatic temperature control system (Jemitec; TSic-506F, accuracy ± 0.1 °C), aeration and 

lightning (AquaPhoton, T5). Three weeks before experimental conditions were initialized 

six fish per tank were tagged by injecting a PIT tag (7 * 1.35 mm) into the dorsal muscle 

tissue close to the neurocranium. During both acclimatization periods, fish were kept under 

a 12 h light : 12 h dark cycle and fed daily (09:30 h & 16:30 h) at 5 % BW with commercial 

pellets (Algae Pellets, Vitalis Aquatic Nutrition). Water quality parameters were set at 26.1 ± 

0.1 °C, a salinity of 35.6 ± 0.3 PSU and 97.8 ± 3.1 % oxygen saturation and monitored daily. 

In addition, ammonia, nitrite and nitrate were checked weekly by using water quality test 

kits (JBL, Germany).  

Fish in the control (CTR) tanks (N=3) were kept for 28 days (D-7 to D21) at 26 °C, while fish 

in the stress (HIGH) tanks (N=3) were treated as follows: during the first 7 days (D-7 to D0) 

water temperature was gradually increased from 26 °C by 1 °C per day to 33 °C and 

subsequently kept constant at 33 °C for 21 days (D0 to D21) (Figure 1). Due to logistical 

feasibility, each sampling was carried out over two days. The tagged fish of each tank were 

sampled for scales on the onset of the experiment (i.e. at D-7), after 7 days of gradual 

temperature increase (i.e. at D0) and at the end of the experiment (i.e. at D21). 
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Fish were anesthetized (0.1 %; v/v) and at D21 finally euthanized (1 %; v/v) using 2-

phenoxyethanol. At each sampling, fish weight (g) and total length (cm) were recorded and 

used to calculate the Fulton condition factor (FCF = W/Lᶾ) per fish. In total 60 ontogenetic 

scales (OG) were sampled dorsal to the lateral line from the left flank of each tagged fish at 

D-7 and D0, respectively. At D21, 60 regenerated scales (RG) per fish were sampled from the 

body area used for OG sampling at D0. According to Aerts et al. (2015), the mucus was 

removed and scales were dried with soft tissue before being stored at 4 °C. After sampling, 

fish were allowed to fully recover (~5 min) before being re-introduced to the experimental 

tanks. At D7 and D14 additionally 8 non-tagged fish were taken out per tank for other 

studies. To prevent possible contamination of the water and samples with exogenous 

glucocorticoids (e.g. from hands), sampling as well as maintenance was done using gloves. 

Furthermore, to monitor possible contaminations or accumulations of glucocorticoids in 

fish tanks, water (50 mL) was sampled each day at 09:00 h from each tank for glucocorticoid 

profiling and stored at -20 °C. 

 

Figure 1. Sampling design. Fish scale sampling comprised sampling of ontogenetic scales 
(OG) at D-7 and D0 as well as regenerated scales (RG) at D21. Water for glucocorticoid 
profiling was sampled daily from each tank. Fish growth was monitored throughout the 
entire experiment (D-7 – D21).  
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2.2 Glucocorticoid analysis 

Scales were cut and further homogenized using PowerBead tubes (ceramic 2.8 mm, Qiagen) 

and a bead ruptor (PowerLyzer 24, Qiagen). HPLC-gradient grade methanol was used as 

extraction solvent and purification was done using GracePure™ SPE C18-Max 500mg/6mL 

solid-phase extraction (SPE) columns. After resuspension, ultra-performance liquid 

chromatography coupled to tandem mass spectrometry (UPLC-MS/MS) was used to 

quantify scale cortisol and water glucocorticoid profile according to or modified from Aerts 

et al. (2015), respectively. 

2.3 Statistical analysis 

All parameters were modeled using a linear mixed model with the glimmix procedure in SAS 

9.4 (SAS Institute Inc., Cary, NC) with treatment, day of sampling and their interaction 

(where appropriate) as fixed effect. Fish-ID was included as random effect to correct for 

repeated measure within the same fish. To achieve normality, the glucocorticoid 

concentrations were Log-transformed. The transformed data were assumed to be 

sufficiently normally distributed based on a graphical examination of the residuals 

(histogram and QQ-plot). In case of post-hoc pairwise comparisons between the treatments 

within a day of sampling, p-values were adjusted with a Tukey-Kramer adjustment. 

3. Results 

3.1 Fish growth was positively affected by a higher temperature 

At the start of the experiment (D-7) fish length, weight and body condition factor were not 

significantly different between treatments (Table 1). For the total period of 28 days (D-7 to 

D21) a significant difference for length as well as weight was observed in both treatments 

(CTR p<0.05; HIGH p<0.001). Fish length and weight were significantly different between 

treatments after 7 days of temperature increase (D0 p<0.05) and after 21 days of constant 

temperature (D21 p<0.01), though not at D7. 



Chapter II 

 

31 
 

Body condition factor was not significantly different in and between treatments and 

remained constant during the entire experimental period (Table 1). 

Table 1. Fish growth data. Significant differences between sampling days within each 
treatment are represented by different letters, differences between treatments by braces. 

  Sampling day 

 Treatment D-7 D0  D7 D21  

Length (cm) 
CTR 12.6 ± 0.4a 12.7 ± 0.4ab  12.9 ± 0.5ab 13.1 ± 0.5b  

HIGH 12.7 ± 0.5a 13.1 ± 0.6b  13.2 ± 0.7 b 13.6 ± 0.8 b  

Weight (g) 
CTR 17.4 ± 2.0a 18.2 ± 2.3ab  19.2 ± 2.6ab 19.7 ± 2.9b  

HIGH 18.1 ± 1.8a 19.9 ± 2.2ab  20.6 ± 2.5b 22.5 ± 3.2c  

Condition factor 
CTR 0.88 ± 0.05a 0.89 ± 0.05a  0.89 ± 0.04a 0.88 ± 0.04a  

HIGH 0.89 ± 0.06a 0.87 ± 0.05a  0.90 ± 0.08a 0.90 ± 0.07a  

 

3.2 Ontogenetic scale cortisol had increased after 7 days of gradual temperature increase 

At the start of the experiment (D-7) as well as after 7 days (D0) OG cortisol was not 

significantly different in and between treatments. However, HIGH fish already showed a 

higher concentration (0.0020 ± 0.001 vs. 0.0014 ± 0.001 µg kg-1, outliers excluded for 

calculated average) as well as a higher variability in OG cortisol after 7 days of gradual 

temperature increase (Figure 2). 

 

Figure 2. OG Cortisol after 7 days of gradual temperature increase. CTR (N = 18) and 
HIGH (N = 18) fish are indicated by grey and red dots, respectively. Three values (one from 
HIGH at D-7; two from CTR, one each at D-7 and D0) were omitted from the plot for reasons 
of presentation. Fifty percent of the observations occur between the lower and upper edges 
of the box (the first and third quartiles) and the whiskers extend to the most extreme 
observation, which is no > 1.5 times the interquartile range from the box. 
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3.3 Regenerated scale cortisol had increased after 21 days of constant high temperature 

RG cortisol was clearly higher in HIGH fish and differed significantly after 21 days of 

constant temperature from CTR fish (p<0.01) (Figure 3). 

 

Figure 3. RG cortisol after 21 days of constant temperature. CTR (N = 18) and HIGH (N = 
18) fish are indicated by grey and red dots, respectively. ** = p<0.01. Error bars in 
scatter/boxplots are defined as in Figure 2. 

 

3.4 Glucocorticoids did not accumulate in tank water 

Daily glucocorticoid profiling of tank water revealed that cortisol as well as other 

glucocorticoids were present in all tanks throughout the experiment, though in too low 

concentrations to be accurately quantified with UPLC-MS/MS (< 0.003 µg L-1). 

4. Discussion 

Ectothermic organisms, such as milkfish, are strongly affected by water temperature 

(Schulte, 2015). Temperature changes beyond the optimal range of a species are known to 

induce an endocrine stress response through activation of the HPI axis, hereby triggering 

the release of cortisol (for teleost fish) in order to regain homeostasis (Benítez-Dorta et al., 

2017; Liu et al., 2016; Pribyl et al., 2016). In milkfish aquaculture, water temperature in 

outdoor systems, such as ponds, pens and cages, normally varies between 24 °C and 33 °C 
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and sometimes even reaches upper limits of 40 °C (Bagarinao, 1994; Martinez et al., 2006; 

Verceles et al., 2000). Data about the physiological consequences for juvenile milkfish 

exposed to increasing temperature are scarce and when available these studies focused on 

maximal temperature limits, such as determining lethal temperatures for milkfish fry and 

fingerlings at 43 °C and 39 °C, respectively (Panikkar et al., 1953). Our aim was to 

investigate the response of juvenile milkfish exposed to conditions which constitute a 

realistic temperature range for outdoor milkfish aquaculture systems (26 °C - 33 °C), hereby 

avoiding a heat-shock, and examine whether juvenile milkfish would exhibit indications of 

chronic stress, reflected by increased scale cortisol (OG and RG). Subsequently, 

acclimatization and control temperature was set in accordance to the culture temperature of 

the Indonesian provider at 26 °C, while 33 °C was selected as high temperature. 

4.1 Cortisol as biomarker for stress in milkfish 

Overall, glucocorticoids such as cortisol, are measured using a variety of analytical methods 

ranging from radio- (RIA) or enzyme (EIA) immunoassays to chromatographic analysis 

(Cook, 2012). Immunoassays are common practice in most laboratories and are used for the 

determination of cortisol in a plethora of tissues, including but not limited to plasma, feces, 

water, etc. However, results obtained with these antibody based techniques can be biased 

by cross-reactivity from other glucocorticoids as well as by compounds with similar 

physical-chemical properties (Lane, 2006; Murphy et al., 1981; Turpeinen et al., 1997). 

Surprisingly, only a few studies were found using plasma cortisol as stress indicator in 

milkfish (Kumar et al., 2016; Wei et al., 2017). Hwang et al. (1992) examined whole-body 

cortisol level of newly hatched fish larvae from different species and reported comparatively 

low cortisol levels for milkfish larvae. It should be noted, however, that whole body levels of 

cortisol are prone to be biased by a multiple of cortisol precursors as well as phase I 

metabolites making in-depth analytical validation pivotal. In addition, pooling of larvae can 

mask effects due to individual responses (coping style) as average cortisol values are 

quantified. 
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As plasma cortisol, the most commonly used biomarker for stress in the pertinent literature, 

merely provides a snapshot of HPI axis (re)activity, fish scales were chosen to quantify 

cortisol as scales provide a retrospective view on HPI axis (re)activity (Aerts et al., 2015). 

Scale cortisol was quantified by using UPLC-MS/MS in relation to the stress response 

induced by temperature increase over time. In addition, plasma cortisol values are easily 

biased by fish handling procedures and are pulsatile due to circadian rhythmicity. Fish 

scales are an adequate tissue to quantify cortisol over time as scales grow slowly but 

continuously with the fish (Schönbörner et al., 1979) which subsequently leads to a 

persistent incorporation of cortisol (Aerts et al., 2015). Furthermore, compared with other 

methods sampling of fish scales is a non-invasive sampling method and therefore provides 

the possibility to monitor stress levels of individual fish over time without large 

interferences. Hereby, distinction must be made between ontogenetic (OG) and regenerated 

(RG) scales, respectively. OG scales are formed in early life of the fish, while RG are scales 

grown back whenever the fish loses a scale. Both OG and RG scales provide a retrospective 

view on HPI axis (re)activity, experienced by the fish from onset of scale growth until 

sampling (Aerts et al., 2015). Hereby, RG cortisol provides a more detailed view as scale 

cortisol levels were ‘reset’ by pulling out the scale at the beginning of the trial hereby 

inducing scale regeneration (Aerts et al., 2015). Subsequently, RG cortisol levels represent 

solely cortisol produced within that specific time period without taking into account the 

level of cortisol that was already present in the scale before pulling out the scale. This is the 

first time that the use of scale cortisol, OG as well as RG cortisol, is demonstrated in milkfish, 

which is in line with the study from Aerts et al. (2015), who reported the effective use of OG 

and RG cortisol for carp. 

4.2 Fish history and -management across groups did not influence the results 

Handling during transport, tagging or capture can induce an acute stress response resulting 

in an increase in plasma cortisol (Acerete et al., 2004; Iversen et al., 2005; Robertson et al., 

1988). However, fish usually show a quick recovery within hours or a few days (species-
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dependent) when handling procedures are not chronically repeated (Acerete et al., 2004; 

Barton and Peter, 1982; Robertson et al., 1988). In our study potential disturbances due to 

handling were kept as short as possible and fish were allowed to recover for at least 3 

weeks after transport or tagging before experimental conditions were initialized. As scale 

cortisol provides a retrospective view on the HPI axis (re)activity (Aerts et al., 2015) and OG 

cortisol levels at onset of the experiment (D-7) were found to be similar for all fish 

(CTR/HIGH), indicating that fish were exposed to similar (stressful) conditions before the 

start of the experiment. In addition, all fish had a similar body condition factor and had 

grown throughout the experiment, as indicated by their increased length and weight. Sex-

specific distinction was not possible. 

In several studies waterborne steroids were shown to be (re-)up-taken by fish, hereby 

affecting plasma concentrations of the respective hormones (Scott and Ellis, 2007; Maunder 

et al., 2007). During our entire experiment, levels of water cortisol as well as other 

glucocorticoids in the individual RAS were monitored and found to be present, though in too 

low concentrations to be accurately quantified with UPLC-MS/MS. Water glucocorticoid 

profiling confirmed that scale cortisol levels in this study were not influenced by an 

accumulation of water glucocorticoids over time due to insufficient water renewal, nor by 

anthropogenic contamination with exogenous glucocorticoids (e.g. from hands).  

4.3 Seven days of gradual temperature increase resulted in higher OG cortisol levels 

The response to a stressor depends, besides the type, on the duration, severity, 

(un)predictability, and (un)controllability of the applied stimulus (Schreck and Tort, 2016). 

A gradual increase of 1 °C per day for 7 consecutive days can be considered as a physical 

stimulus with mild severity, low unpredictability, and no controllability. A repeated or 

prolonged exposure to an acute stimulus can be seen as a potential chronic stressor 

(Sopinka et al., 2016) making the gradual increase over 7 days a potential chronic stressor. 
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After 7 days of temperature increase (D0), OG cortisol level of HIGH fish were found to be 

higher, though not significantly, than at the start of the experiment (D-7) and higher, though 

not significantly, compared to CTR fish, indicating a clear response of the HPI axis to the 

applied gradual temperature increase. OG cortisol levels in CTR fish remained similar as 

expected. Furthermore, within this 7 day period HIGH fish were shown to be significantly 

longer and heavier compared to CTR fish, confirming that a higher, though not too high, 

temperature has a positive effect on growth. 

In general, this positive effect of higher temperature on growth is not surprising. Within the 

optimal temperature range of a species, increasing temperatures will lead to an increase in 

performance (biochemical reactions, metabolic rate, growth etc.) until reaching the peak of 

optimal temperature at which performance is maximized and subsequently decline (Huey 

and Kingsolver, 1989; Schulte, 2015). Fish confronted with chronic stress are known to 

show decreased growth as the available energy is used to regain physiological homeostasis 

(Wendelaar Bonga, 1997). Besides studies regarding the general temperature tolerance and 

the determination of lethal temperatures, studies about the physiological effects of higher or 

increasing temperatures on juvenile milkfish are scarce. Villaluz and Unggui (1983) 

reported the highest growth rate of milkfish fry at 29.5 °C; however, high fluctuations were 

recorded within these temperature treatments. Subsequently, it remains to be seen which 

temperature constitutes the borderline between a positive effect on metabolism and a 

starting negative stress induced effect in juvenile milkfish. Or in terms of HPI axis activity, 

which temperature induces a significant change in released cortisol, shifting the 

physiological response from eustress (anabolic) to distress (catabolic) (Gorissen and Flik, 

2016). The high variability in OG cortisol at D0 indicates that HIGH fish definitively reacted 

to the applied temperature increase. Individual differences in physiological as well as 

behavioral response to stress are described for many species (Castanheira et al., 2013; 

Huntingford et al., 2010; Martins et al., 2011; Silva et al., 2010; van Raaij et al., 1996). Biro et 

al. (2010) reported that reef fish in Australia already exhibited individual differences in 
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behavior when exposed to a minute diel temperature variation of less than 3 °C. As 7 days of 

gradual temperature increase led to a higher though not significant difference in OG cortisol 

between as well as within the treatments, we can only hypothesize that this treatment was 

not long and/or severe and/or unpredictable enough to induce severe chronic stress. A 

prolonged duration for a few days and/or an increased daily temperature might have been 

enough to see clear differences in OG cortisol between and/or within treatments. This is an 

important topic for further research, as climatological changes caused by increasing 

anthropogenic activities, especially in coastal regions, lead to a gradual increase in water 

temperature affecting not only outdoor milkfish aquaculture systems. 

4.4 Twenty-one days of constant high temperature resulted in higher RG cortisol levels 

HIGH fish showed a clear response in HPI axis activity during 21 days exposure to constant 

33 °C, indicated by significantly higher RG cortisol compared to CTR fish. Besides the 

primary stress response, indicated by this elevated cortisol level, changes in behavior can 

also be an indication for stress (Biro et al., 2010; Øverli et al., 2002; van Raaij et al., 1996). 

Effects on the whole-body performance (tertiary stress response), are seen in our study in 

the reduced growth of HIGH fish in the first 7 days at 33 °C (D7) as well as in the overall 

observations of animal care takers, whereby HIGH fish showed a more reactive behavior 

during routine work. 

Taking into account that the applied temperature treatment concerns a commonly seen 

temperature range in outdoor milkfish aquaculture systems, the observed significant 

increase in RG cortisol and also, though not quantitative, response on whole-body 

performance is surprising. On the other hand, at D21 length and weight of HIGH fish was 

again significantly higher compared to CTR fish. This might be an indication that HIGH fish 

started to habituate to the treatment between D7 and D21. In terms of severity and 

unpredictability, the exposure to constant 33 °C is probably a comparatively mild stimulus 

and therefore it is possible that fish can habituate. Furthermore, the stress response of fish 
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depends on the perception of the potential stressor and varies between species and even 

individuals of the same species (Barton, 2002; Cockrem, 2013). So, was the applied thermal 

stimulus intense enough to induce a significant stress response in our milkfish? A single 

increase of 1 °C will probably not be perceived as a severe stressor, but a persistent 

repetition consequently leading to a considerable increase in temperature, is more likely to 

be considered a stressor by the fish. On the other hand, if temperature remains constant, 

fish might habituate and no longer perceive these conditions as stressful. However, a more 

detailed view on the stress response, consisting of not only cortisol levels, but also of gene 

expression of pre-receptor regulating oxido-reductases, such as 11β-hydroxysteroid 

dehydrogenase type I and II, and glucocorticoid- and mineralocorticoid receptors, is needed 

to clearly point out a possible habituation process. A decrement of the HPI axis reactivity, 

for instance, could be a sign for habituation (Cyr and Romero, 2009). Since scale cortisol was 

measured in milkfish for the first time and the pertinent literature lacks information about 

scale regeneration in this species, we assumed a similar regeneration process as described 

by Ohira et al. (2007) reporting complete regeneration for goldfish scales within 14 to 28 

days. During our experiment we noticed that scales were already regenerated after 14 days, 

therefore in future studies sampling of RG scales after 14 days should be considered to 

obtain an even more detailed view on the HPI axis activity. 

5. Conclusion 

As anthropogenic activities affecting the climate are increasing, and taking into account the 

widespread use of outdoor aquaculture systems, which are prone to natural fluctuations, an 

increase in temperature is most likely to be considered a stressor in milkfish aquaculture, as 

indicated by our results. Hereby, the use of scale cortisol was shown to be effective to 

quantify even minute and gradual temperature changes, making it a powerful tool in 

optimizing aquaculture systems as well as in monitoring gradual climate changes in wild 

stock. 
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Abstract 

Temperature and dissolved oxygen (DO) are two key parameters influencing the 

metabolism of aquatic organisms. Outdoor-based aquaculture systems are strongly 

influenced by naturally occurring environmental fluctuations, therefore cultured fish have 

to be able to cope with variations in temperature and DO, which could potentially cause 

stress. Stressful stimuli initiate an endocrine response in teleost fish, thereby inducing 

glucocorticoid-mediated changes in the energy metabolism to enable the fish to cope with 

these stimuli. This process, commonly seen in the concept of allostasis (i.e. constancy 

through change by resetting the set-points for homeostasis in accordance to environmental 

cues), is energetically costly for the fish. In this study, we investigated the metabolic 

implications and oxidative stress response of juvenile milkfish (Chanos chanos) when 

exposed to seven days (D-7 to D0) of gradual temperature increase (1 °C day-1) from 26 °C 

to 33 °C, followed by 21 days (D0 to D21) of a constant temperature of 33 °C. Hereto, we 

quantified activity levels of key enzymes in metabolic (isocitrate dehydrogenase - IDH, 

lactate dehydrogenase - LDH, electron transfer system - ETS) and antioxidant (superoxide 

dismutase - SOD, catalase - CAT) related pathways, the level of available energy resources 
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(protein, carbohydrates, lipids), and potential cellular damage (lipid peroxidation - LPO) 

due to oxidative stress, at D0 as well as after 14 (D14) and 21 days (D21) at constant 33 °C. 

Furthermore, we quantified the critical oxygen saturation (Scrit) of milkfish at control (CTR, 

26 °C) and high (HIGH, 33 °C) temperature at D14. At D0 and partially at D14, HIGH fish 

exhibited enhanced metabolic rates (ETS, IDH), indications of reduced energy resources 

(lipid content, HSI) as well as clear signs of an elevated oxidative stress response (SOD, 

LPO). Furthermore, respirometry measurements at D14 exhibited a significantly higher 

resting- and active- routine metabolic rate as well as a more than twice as high Scrit for HIGH 

fish (23.7 %) compared to CTR fish (10.5 %). Although milkfish are clearly influenced by a 

higher temperature, results towards the end of the experiment suggest that milkfish might 

have started to habituate to 33 °C over time. The results of our study are demonstrating that 

even a comparatively mild increase in temperature can already have a significant effect on 

the metabolism of juvenile milkfish, rendering milkfish more susceptible to additional 

stressors such as decreasing DO concentrations. Taking into account natural occurring (tidal 

currents, change in season) as well as anthropogenically induced (intensive aquaculture 

practices, climate change) fluctuations of temperature and DO in outdoor-based aquaculture 

systems, also for future studies the examination of metabolic consequences and critical 

oxygen limits is essential to predict fish performance and growth to ensure future 

production success. 

Keywords: increasing temperature, hypoxia, cellular stress, metabolic changes, milkfish 

1. Introduction 

Outdoor-based aquaculture systems such as cages, pens or ponds are strongly influenced by 

naturally occurring environmental fluctuations. Depending on the type and geographic 

location of the respective aquaculture system, cultured fish are exposed to daily and/or 

seasonally changing environmental conditions. Thereby, the extent of variation and the 

tolerance of a given species to these fluctuations are pivotal determinants of fish 
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performance, growth and consequently production success. Although (seasonally induced) 

environmental variations in the tropics are generally lower compared to temperate regions, 

water parameters such as salinity, temperature or dissolved oxygen (DO) can also vary 

considerably in tropical coastal areas due to change of seasons (dry/rainy), associated 

weather phenomena (e.g. monsoon rains) or by changing hydrodynamics (e.g. tides) 

(Rivera, 1997; Val et al., 2005). In several (sub-) tropical countries, such as the Philippines, 

Indonesia and Taiwan, milkfish (Chanos chanos) represents an important fish species for 

pond-, pen- and cage-based aquaculture (de Jesus-Ayson et al., 2010). Thereby, from 

nursery till grow-out phase milkfish are exposed to varying environmental parameters, such 

as temperature and DO concentrations, in these outdoor-based culture systems. 

Temperature is a known fundamental environmental parameter affecting biochemical and 

physiological processes in ectotherm organisms (Schulte, 2015). Defined as a controlling 

factor (Fry, 1971), temperature determines the pace of fish growth by directing its 

metabolism (Claireaux and Chabot, 2016). Thermal stress, i.e. the increase or decrease of 

ambient water temperature beyond the optimal temperature range of a species, enhances 

the endocrine mediated stress response in fish. This includes among others the release of 

glucocorticoids (GC) via the hypothalamic-pituitary-interrenal (HPI) axis (Barton, 2002; 

Wendelaar Bonga, 1997). In a previous experimental study with milkfish, we demonstrated 

a significant chronic stress response of juvenile milkfish (significant increase in scale 

cortisol) when exposed to higher water temperatures (33 °C) (Hanke et al., 2019; Chapter 

II). Furthermore, (thermal) stress induces GC-mediated changes in the fish’s energy 

metabolism (e.g. reallocation of energy resources) to provide energy in order to restore the 

homeostatic state, and subsequently to cope with the stressor (Sapolsky et al., 2000; 

Wendelaar Bonga, 1997). This process, commonly defined in the concept of allostasis (i.e. 

constancy through change by resetting the set-points for homeostasis in accordance to 

environmental cues), is energetically costly for the fish depending on the duration, intensity, 

severity, controllability and predictability of the (thermal) stressor (McEwen and Wingfield, 
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2003; Schreck and Tort, 2016). From an ecological as well as from an economic point of 

view, understanding the impact of changing water temperature on fish metabolism is of 

great importance. With regard to milkfish, previous studies reported changes in metabolism 

of milkfish under hypothermal stress (15-18 °C) (Hsieh et al., 2003; Hu et al., 2015; Kuo and 

Hsieh, 2006). In general, water temperatures in milkfish aquaculture systems are more 

likely to vary between 24°C and 33°C, depending on season and location, with upper limits 

at 40°C or higher during short-term heatwaves (Bagarinao, 1991; Marte and Lacanilao, 

1986; Sumagaysay-Chavoso and San Diego-McGlone, 2003; Sumagaysay and Borlongan, 

1995). However, data on metabolic implications for milkfish under increasing temperature 

are scarce. Changes in metabolic rate are commonly examined on the whole organism by 

measuring oxygen consumption rates and on cellular level by determining the activity of the 

electron transport system (ETS). Furthermore, changes in the activity of enzymes involved 

in aerobic, e.g. isocitrate dehydrogenase (IDH), as well as in anaerobic metabolic pathways, 

e.g. lactate dehydrogenase (LDH), provide information regarding stress-induced shifts 

between aerobic and anaerobic metabolism (Kühnhold et al., 2017; Silva et al., 2016). The 

cellular energy allocation (CEA) is another indicator for the metabolic state and how stress 

might affect energy resources, such as proteins, carbohydrates, and lipids (De Coen and 

Janssen, 1997; Verslycke and Janssen, 2002). In general, increasing temperatures will 

(initially) enhance the metabolic rate and thus increase mitochondrial respiration, leading 

to increased production of reactive oxygen species (ROS) (Lesser, 2012). A significant 

increase in ROS can lead to cellular damages, as quantified by lipid peroxidation (LPO) for 

instance when antioxidant defence mechanisms fail to restore the balance (Abele et al., 

1998; Madeira et al., 2016). Analyses of ROS-scavenging enzymes, such as superoxide 

dismutase (SOD) and catalase (CAT), are widely accepted methods to evaluate antioxidant 

response in stressed fish (Madeira et al., 2016; Silva et al., 2016). 

Besides temperature, DO is another key parameter affecting biochemical and physiological 

processes in aquatic organisms. In general, metabolic processes involved in the provision of 
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energy from food or energy reserves to maintain body homeostasis and to drive body 

activities, predominantly rely on oxygen (Claireaux and Chabot, 2016). The use of anaerobic 

energy production becomes essential when the adenosine triphosphate (ATP) demand 

exceeds the capacity of aerobic ATP production, as seen in hypoxia (Wang and Richards, 

2011). However, anaerobic ATP production under hypoxic conditions is significantly less 

efficient than aerobic ATP production and comes at the expenses of the accumulation of 

waste products (e.g. lactate) (Richards, 2011). Therefore, as proposed by Fry (1971) DO can 

be categorized as a limiting factor for fish metabolism. With regard to milkfish, it has been 

reported that reoccurring fish kill events in Philippine milkfish aquaculture are most likely 

linked, among other aspects, with decreasing DO concentrations (Primavera, 2006; San 

Diego-McGlone et al., 2008). Milkfish seem to be tolerant to low oxygen concentrations as 

previous studies reported that changes in behaviour and mortality were observed only at 

oxygen concentrations below 1-2 mg L-1 (Gerochi et al., 1978; Sumagaysay-Chavoso and San 

Diego-McGlone, 2003). However, in-depth data on critical oxygen limits in milkfish are 

scarce. The critical oxygen saturation limit (Scrit), defined as the oxygen saturation at which 

fish cannot maintain a stable routine oxygen consumption rate independent from ambient 

oxygen saturation (Richards, 2011), is a widely accepted indicator for hypoxia tolerance in 

fish. 

Due to the growing economic importance of aquaculture in Southeast Asian countries and 

taking into account natural occurring (tidal currents, change in season), as well as 

anthropogenically induced (intensive aquaculture practices, climate change) fluctuations of 

temperature and DO in outdoor-based aquaculture systems, the need for in-depth 

knowledge on critical limits of DO concentrations, as well as the metabolic implications of 

increasing temperatures for milkfish, is pivotal. Hereby, contributing to more sustainable 

aquaculture practices and consequently helping to prevent major economic losses due to 

fish kill events. 
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In this study, we aimed to examine the metabolic implications for juvenile milkfish when 

exposed to higher temperatures (26 °C vs 33 °C). Hereto, we quantified activity levels of 

metabolic (IDH, LDH, ETS) and antioxidant related (SOD, CAT) enzymes, the level of 

available energy resources (protein, carbohydrates, lipids) and potential cellular damage 

(LPO) due to oxidative stress after a gradual increase of 1 °C a day from 26 °C to 33 °C, 

followed by 14- and 21-day exposure of constant 33 °C. Furthermore, we aimed to quantify 

the Scrit of juvenile milkfish and how this parameter changes when milkfish are cultured at 

higher ambient water temperature. We hypothesized an increase in metabolic rate and 

oxidative stress response with increasing water temperature, hereby representing potential 

higher metabolic costs for juvenile milkfish. Furthermore, we presumed that milkfish 

cultured at higher water temperature are more sensitive to progressively hypoxic 

conditions than milkfish cultured at 26 °C. 

2. Material and methods 

2.1 General husbandry and experimental design 

Husbandry and experiments (temperature treatment/respirometry measurements) were 

performed in accordance with the German guidelines and regulations regarding animal 

welfare (Az. 522-27-11/02-00 (132), HypoFish, Bremen Senate). Juvenile milkfish (4 

months), reared at the Brackish Water Aquaculture Development Center in Situbondo 

(Indonesia), were transported within 24 h to the recirculation facility of the Leibniz-Centre 

for Tropical Marine Research (ZMT) in Bremen, Germany. After six weeks under quarantine, 

150 milkfish were transferred and equally divided into six independent experimental 

recirculation systems (RAS) of 250 L water capacity each (for details regarding 

experimental RAS, daily routine and water quality, see Hanke et al., (2019) / Chapter II). 

Milkfish could acclimatize to the experimental RAS for four weeks. During acclimatization as 

well as experimental period, fish were kept under 12 h / 12 h - light / dark regime and were 

fed twice per day (09:30h & 16:30h) with a total daily ratio of 5 % body weight (Algae 

Pellets, Vitalis Aquatic Nutrition). 
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Water temperature of the control treatment (CTR) RAS (N=3) was set, and kept throughout 

the experiment (28 days), at 26 °C (in accordance with quarantine and acclimation water 

temperature). Fish kept in the high temperature treatment (HIGH) RAS (N=3) were exposed 

to a gradual temperature increase (+1 °C dayˉ¹) from 26 °C to 33 °C within the first seven 

days (D-7 to D0) of the experiment, followed by 21 days (D0 to D21) at which HIGH fish 

were kept constantly at 33 °C.  

Six fish per RAS (18 fish per treatment) were sampled at D0 (after seven days of +1 °C day-1 

temperature increase for HIGH fish), D14 and D21 (14 and 21 days at constant temperature: 

26 °C or 33 °C for CTR and HIGH, respectively). Fish were not fed 24 h prior to each 

sampling. At D0 and D14 fish were randomly sampled from each RAS, whereas at D21, 6 

specific (tagged) fish were sampled from each RAS. Tagged fish (Pit tag; fish were tagged 3 

weeks prior to the start of the experiment) were monitored for indications of chronic stress 

throughout the experiment (see study of Hanke et al., (2019) / Chapter II). Fish were 

euthanized using a 2-phenoxyethanol (1 %, v/v) bath treatment, followed by a cut through 

the spinal cord. After fish weight (g), as well as total length (cm), was registered, fish were 

stored on ice. Fish weight data together with determined liver weights were used to 

calculate the hepatosomatic index (HSI) for each fish (HSI= (liver weight/fish weight) *100).  

At D14, additionally, four fish from each treatment (CTR, HIGH) were introduced into an 

external experimental setup for respirometry measurements. 

2.2 Tissue sampling and preparation 

The liver as well as an aliquot of white muscle tissue, between dorsal fin and onset of the 

caudal fin, was sampled from each fish. Samples were weighed and immediately frozen at -

80 °C.  

Thawed liver and muscle samples were homogenized in potassium phosphate buffer (0.1 M, 

pH 7.4) in a 1:10 proportion (w/v) and 1:20 proportion (w/v) for muscle and liver tissue, 

respectively. For homogenization, bead beating on dry ice was applied (FastPrep™, MP 
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Biomedicals; USA), using 1/4 inch zirconium beads (part of the FastPrep™ Lysing Matrix A, 

MP Biomedicals) for muscle and 1/8 inch stainless-steel beads (FastPrep™ Lysing Matrix S, 

MP Biomedicals) for liver tissue. Parts of the muscle homogenate were aliquoted for activity 

measurement of ETS and for measurements of protein, carbohydrates and lipids, 

respectively. The remaining muscle homogenate was centrifuged at 3000 g for 5 min and 

the supernatant was used for activity measurements of LDH and IDH. A third of the liver 

homogenate was frozen for LPO analyses without any centrifugation step, but with the 

addition of butylhydroxytoluene. The remaining liver homogenate was centrifuged at 

10.000 g for 20 min and the post-mitochondrial supernatant (PMS) was aliquoted for 

activity measurements of CAT and SOD. All aliquots were frozen at -80 °C until further 

analysis. 

2.3 Biomarker analyses 

All measurements were performed using a Tecan Infinitive M200 microplate reader. 

Analysis temperature was adjusted to culture/treatment temperature, consequently, 

samples from CTR fish were measured at 26 °C, whereas samples from HIGH fish were 

measured at 33 °C. Enzymatic measurements (LDH, IDH, CAT and SOD) were performed in 

quadruplicate, whereas all other biomarker (protein, carbohydrates, lipids, ETS and LPO) 

were measured in triplicate per sample. 

2.3.1 Energy metabolism-related enzymes 

LDH activity was measured using the method described by Vassault (1983) and adapted by 

Diamantino et al. (2001). In this method, LDH activity is determined by monitoring the 

decrease of absorbance at 340 nm due to the oxidation of NADH (ε= 6.22*103 M-1cm-1) 

during the reduction of pyruvate to lactate. The method described by Ellis and Goldberg 

(1971) and adapted to microplate usage by Lima et al. (2007) was utilized to determine the 

activity of IDH. Thereby, the increase of cofactor NADPH (conversion of NADP+ to NADPH; 

ε= 6.22*103 M-1cm-1), which is promoted due to the decarboxylation of isocitrate catalysed 
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by IDH, is measured at 340 nm. The activity of both enzymes, LDH and IDH, is expressed as 

nmol min-1 mg protein-1. 

2.3.2 Cellular energy allocation  

The cellular energy allocation (CEA) was determined in white muscle tissue as described by 

De Coen and Janssen (1997, 2003). CEA represents the net energy budget of an organism, 

calculated according to Verslycke et al. (2004) as ratio (equation (1)) between the sum of 

available energy reserves (Ea) and energy consumption (Ec). 

Ea = total protein + carbohydrate + lipids (mJ mg WW-1)    (1) 

Ec = ETS activity (mJ mg WW-1) 

CEA = Ea / Ec 

 

2.3.3 Energy available (Ea) 

According to the Bradford method (Bradford, 1976), the total protein content was assessed 

at 600 nm with bovine serum albumin as standard. The total carbohydrate content was 

determined at 492 nm by adding 5 % phenol and H2SO4 as described by De Coen and 

Janssen (1997). For this method, glucose was used as standard. Total lipid content was 

measured at 400 nm using tripalmitin as standard as described by Bligh and Dyer (1959). 

Finally, according to De Coen and Janssen (1997), all three energy reserve fractions were 

transformed into energetic equivalents using the energy of combustion: 24,000 mJ mg 

protein-1, 17,500 mJ mg carbohydrates-1 and 39,500 mJ mg lipid-1. 

2.3.4 Energy consumed (Ec) 

The ETS activity is a measure of the cellular respiration rate, consequently the measurement 

of cellular energy consumption. Following the method described by De Coen and Janssen 

(1997), ETS activity was determined by mixing NADPH and INT (p-Iodonitrotetrazolium) to 

the sample homogenate and following the increase in absorbance at 490 nm. The oxygen 

consumption rate was calculated based on the relationship that the formation of 2 µmol 
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formazan equals the consumption of 1 µmol oxygen. Finally, the oxygen consumption rate 

was converted into the energetic equivalent of 484 kJ mol-1 O2 which represents an average 

mixture of carbohydrate, protein and lipid (Gnaiger, 1983).  

2.3.5 Oxidative stress response 

The measurement of SOD activity was based on the method of McCord and Fridovich (1969) 

with adaptation for measurements in microplates described by Lima et al. (2007). In this 

method, the reduction of cytochrome C is followed by an increase in absorbance at 550 nm. 

Reduced cytochrome C is the result of the reaction with superoxide radicals generated by 

the xanthine/xanthine oxidase complex. SOD activity is expressed as U mg protein-1 using a 

SOD standard of 1.5 U ml-1. In this context, 1 U represents the amount of enzyme in the 

sample that causes 50 % inhibition of cytochrome C reduction. 

CAT activity was determined following the method of Clairborne (1985) with adaptions for 

measurements in microplates. This method follows the degradation of H2O2 at 240 nm. CAT 

activity is expressed as µmol min-1 mg protein-1 (ε= 40 M-1 cm-1). Levels of LPO were 

determined using the method described by Ohkawa et al. (1979) and Bird and Draper 

(1984). LPO was measured by following the reaction and consequently quantifying the 

formed adduct of malondialdehyde (MDA) and thiobarbituric acid (TBA) at 535 nm. The 

quantity of produced MDA-TBA adducts, i.e. TBA reactive substances (TBARS), is expressed 

as nmol TBARS g WW-1 (ε = 1.56*105 M-1 cm-1). 

2.4 Respirometry measurement 

Each fish was kept individually in a gas-tight acrylic respirometry chamber (RC) with a 

volume of 1.5 L. The RCs were set up in an ambient water tank (60 L), filled with filtered 

seawater (AcroPak capsule filter; 0.8/0.2 μm; PALL Corporation; USA) to reduce bacterial 

background respiration. Water temperature was regulated and controlled by an immersion 

thermostat (VWR, type MX; USA) with an integrated pump system and was set either at 26 

°C or 33 °C for CTR and HIGH fish, respectively. During respirometry measurements at 
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normoxic conditions, an aeration pump ensured sufficient oxygen saturation within the 

ambient tank. Each RC was equipped with two pump cycles (Eheim, Aquabee UP 300; 

Germany): the first cycle was used to flush the RC regularly with aerated water from the 

ambient tank, while the second pump cycle ensured constant water circulation within the 

RC to prevent the formation of an oxygen gradient. To connect the external pump of the 

second cycle with the RC, gas-tight tubes (Tygon tubes, R-3603; France) were used. The first 

pump cycle was set at a fixed cycle interval with an analogue timer, switching between 

flushing period (3 min) and period of O2 measurements (CTR: 11-12 min; HIGH: 8 min). The 

decline in % air saturation during the measurement period was monitored by a contactless 

optical oxygen sensor spot (OXSP5, Pyro Science GmbH, Aachen, Germany) attached at the 

inner side of the RC. The sensor spot was coupled to an optical fibre which connected the 

sensor spot with a Firesting oxygen meter (Pyro Science GmbH, Aachen, Germany) and the 

corresponding software (Version 3.213, Pyro Oxygen Logger, Pyro Science GmbH, Aachen, 

Germany). The mass-specific rate of O2 consumption (MO2; mg O2 h-1 g WW-1) was calculated 

according to Schurmann and Steffensen (1997). Taking into account microbial respiration, 

background O2 consumption rates were measured in each RC before fish were introduced 

(pre-blank) and after fish were removed (post-blank). Assuming an initially linear increase 

in microbial accumulation between pre- and post-blank, microbial respiration was 

calculated separately for each respirometry trial (measurements at normoxic and at hypoxic 

conditions) and was consequently subtracted from the respective cycles/respiration slopes. 

2.4.1 MO2 measurements at normoxic conditions  

The standard metabolic rate (SMR) is defined as “the minimum metabolic rate of survival” 

(Richards, 2011), whereas routine metabolic rate (RMR) is defined as “the metabolic rate 

associated with the maintenance of cellular and whole animal homeostasis as influenced by 

activity under experimental conditions” (Richards, 2011). Observations prior to and during 

our experiment confirmed that milkfish is an active swimming species and easily scared by 

stimuli in their surroundings. Several previous respirometry test trials showed that it is 
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unlikely that milkfish will keep calm for several hours and behavioural traits such as resting 

on the bottom of a tank/RC is rather a sign of severe stress (e.g. after chasing) than 

calmness. Although we could reduce the activity due to adjusting shape and volume of the 

RC and by performing respirometry measurements in a separate room during night time, we 

concluded that the term SMR was not appropriate for our experimental setup. In this 

framework, we decided to use the term “active-RMR” and “resting-RMR” instead. 

Respiratory measurements at normoxic conditions started shortly before lights were turned 

off (~07:30 - 09:00 p.m.) and lasted the whole night until lights were turned on again 

(~07:30 - 09:00 a.m.). Respiratory cycles until 11:00 p.m. were seen as acclimation period 

(pre-test trials demonstrated that the chosen duration of acclimation calmed milkfish down 

sufficiently) and consequently were excluded from the determination of active and resting-

RMR. For active-RMR, cycles from 11:00 p.m. until 07:00 a.m. were used (CTR: 32 cycles; 

HIGH: 44 cycles), whereas for resting-RMR only cycles between 11:00 p.m. until 03:00 a.m. 

(CTR: 16 cycles; HIGH: 22 cycles) were taken into account. To calculate resting-RMR the 

15th percentile method was used (Dupont-Prinet et al. (2010), Herbert et al. (2017) was 

used for determination of SMR). Additionally, the effect of daytime/light on metabolic rate 

was examined by calculating MO2 from three respiratory cycles at the time when the light 

was turned on again. 

2.4.2 MO2 measurements under progressively hypoxic conditions 

After MO2 measurements at normoxic conditions were completed, fish could acclimatize to 

the new lightning conditions for at least an hour before they were exposed to progressively 

decreasing O2 concentrations. To reduce the % air saturation within the ambient tank and 

consequently within the RC (during flushing), the oxygen aeration system of the ambient 

tank was replaced by bubbling nitrogen gas into the water. The O2 concentration was 

reduced in progressive steps with target % air saturation from 80 %, 60 %, 20 %, and 10 % 

to finally 5 % (or even lower, if possible). Measurement periods were reduced to 4-6 min for 

CTR fish and 3-4 min for HIGH fish. The interval 80 % - 10 % air saturation MO2 was 



Chapter III 

 

58 
 

measured within 3 cycles for each step (if fish did not show signs of beginning 

unconsciousness) and when possible at least one cycle at 5 % (or lower) air saturation was 

performed. After the onset of loss of consciousness, fish were directly transferred into 

aerated (100 %) seawater tanks until they had fully recovered. The critical oxygen 

saturation (Scrit) was determined as described by McArley et al. (2019). In short, a linear 

regression (forced trough zero) was plotted through MO2 data which were below the 

resting-RMR and Scrit was calculated by dividing resting-RMR by the slope of this linear 

regression. 

2.5 Statistical analyses 

All statistical analyses (and associated figures) were performed in R version 3.4.3 (R Core 

Team, 2013), using additional packages such as “nlme” (Pinheiro et al., 2013) and “ggplot2” 

(Wickham, 2016). MO2 and Scrit were calculated using Microsoft Excel 2010. 

For each biomarker, both metabolic (LDH, IDH, protein, carbohydrate, lipids, Ea, ETS and 

Ea/Ec ratio) as well as oxidative stress-related (CAT, SOD and LPO), a linear mixed model 

with treatment, sampling and their interaction as fixed effect and replicate tanks as random 

effect was used. A Tukey post-hoc comparison test was applied to test for differences 

between treatments within a sampling day and for differences between sampling days 

within a treatment. To test for differences between the specific MO2 (active-RMR, resting-

RMR and day/light effect) and treatments, a two-way analysis of variance was performed, 

followed by a Tukey post-hoc comparison test. Graphical examination of the residuals 

confirmed normality and equal variance. 

3. Results  

3.1 Temperature effect on the activity of energy metabolism-related enzymes 

After seven days of gradual temperature increase (D0), as well as after two weeks at 

constantly high temperature (D14), IDH activity of HIGH fish was significantly higher (D0: 

p<0.001; D14: p=0.009) compared to milkfish kept at 26 °C (CTR) (Figure 1, I). In CTR fish, 
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the IDH activity level did not change significantly between sampling days, whereas HIGH 

fish showed a significantly lower IDH activity at D21 compared to D0 (p<0.001) and D14 

(p=0.003). 

  

Figure 1. Activity of isocitrate dehydrogenase (I) and lactate dehydrogenase (II) 
(mean ± standard deviation) in white muscle tissue of control (CTR, 26°C) and high 
temperature (HIGH, 33°C) treatment fish at D0 (after seven days of +1°C day-1 temperature 
increase, from 26-33°C, for HIGH fish; constant temperature for CTR fish), D14 and D21 (14 
and 21 days at 33°C for HIGH fish; constant temperature for CTR fish). Significant 
differences (p<0.05) between treatments are indicated by capital letters (A, B) and between 
sampling days within each treatment by lowercase letters (a, b). Per sampling day, per 
treatment: N = 18. 

 

In both treatments (CTR, HIGH), no significant differences in LDH activity could be observed 

between the sampling days. Regardless of treatment or sampling day, LDH activity level in 

white muscle tissue of milkfish was approximately 220-fold higher than IDH activity. 

3.2 Energy available (Ea) 

For total protein and carbohydrates as well as for Ea, no significant differences could be 

observed between treatments or sampling days (Figure 2). At D14, HIGH fish showed 

significantly lower lipid content compared to CTR fish (p=0.018). Comparing all three 

energy reserves, total protein exhibited the highest levels in white muscle tissue of milkfish.  
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Figure 2. Energy available (IV), including total protein (I), carbohydrates (II) and 
lipids (III) (mean ± standard deviation), measured in white muscle tissue of control (CTR, 
26°C) and high temperature (HIGH, 33°C) treatment fish at D0 (after seven days of +1°C day-

1 temperature increase, from 26-33°C, for HIGH fish; constant temperature for CTR fish), 
D14 and D21 (14 and 21 days at 33°C for HIGH fish; constant temperature for CTR fish). 
Significant differences (p<0.05) between treatments are indicated by capital letters (A, B). 
Per sampling day, per treatment: N = 18. 

 

3.3 Activity of the electron transport system was affected by a gradual temperature increase 

The ETS activity, an indicator for the energy consumed (Ec), was significantly higher in 

HIGH fish after the seven days of gradual temperature increase (D0: p=0.008) compared to 

CTR fish (Figure 3). HIGH fish sampled at D21, exhibited a significant lower ETS activity 

than HIGH fish at D0 (p<0.0001) and D14 (p=0.004). ETS activity in CTR fish did not change 

significantly over time. 
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Figure 3. Electron transport system (ETS) activity (mean ± standard deviation) in white 
muscle tissue of control (CTR, 26°C) and high temperature (HIGH, 33°C) treatment fish at 
D0 (after seven days of +1°C day-1 temperature increase, from 26-33°C, for HIGH fish; 
constant temperature for CTR fish), D14 and D21 (14 and 21 days at 33°C for HIGH fish; 
constant temperature for CTR fish). Significant differences (p<0.05) between treatments are 
indicated by capital letters (A, B) and between sampling days within each treatment by 
lowercase letters (a, b). Per sampling day, per treatment: N = 18. 

 

3.4 Ea / Ec ratio 

At all three sampling days, no significant differences in cellular energy allocation (CEA) 

could be observed between treatments, only at D0 CEA tended to be higher in CTR fish 

(Figure 4). 

  

Figure 4. Cellular energy allocation (mean ± standard deviation) of juvenile milkfish given 
as ratio of energy available (Ea: protein, carbohydrates and lipids) and energy consumed (Ec 
= Electron transport system activity). White muscle tissue of control (CTR, 26°C) and high 
temperature (HIGH, 33°C) treatment fish were sampled at D0 (after seven days of +1°C day-
1 temperature increase, from 26-33°C, for HIGH fish; constant temperature for CTR fish), 
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D14 and D21 (14 and 21 days at 33°C for HIGH fish; constant temperature for CTR fish). Per 
sampling day, per treatment: N = 18. 

3.5 Hepatosomatic index (HSI) 

The HSI was significantly higher in CTR fish compared to HIGH fish (Figure 5) at all three 

sampling days (p<0.0001). In both treatments, HSI increased over time (D0-D21; HIGH: 

p<0.0001, CTR: 0.0004). 

  

Figure 5. Hepatosomatic index (mean ± standard deviation) of control (CTR, 26°C) and 
high temperature (HIGH, 33°C) treatment fish at D0 (after seven days of +1°C day-1 
temperature increase, from 26-33°C, for HIGH fish; constant temperature for CTR fish), D14 
and D21 (14 and 21 days at 33°C for HIGH fish; constant temperature for CTR fish). 
Significant differences (p<0.05) between treatments are indicated by capital letters (A, B) 
and between sampling days within each treatment by lowercase letters (a, b). Per sampling 
day, per treatment: N = 18. 
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3.6 Oxidative stress response was influenced by higher temperature 

  

Figure 6. Oxidative stress-related biomarker, including catalase (I), superoxide 
dismutase (II) and lipid peroxidation (III) (mean ± standard deviation), measured in 
white muscle tissue of control (CTR, 26°C) and high temperature (HIGH, 33°C) treatment 
fish at D0 (after seven days of +1°C day-1 temperature increase, from 26-33°C, for HIGH 
fish; constant temperature for CTR fish), D14 and D21 (14 and 21 days at 33°C for HIGH fish; 
constant temperature for CTR fish). Significant differences (p<0.05) between treatments are 
indicated by capital letters (A, B) and between sampling days within each treatment by 
lowercase letters (a, b). Per sampling day, per treatment: N = 18. 

 

No significant changes in the CAT activity could be observed between treatments or over 

time. The SOD activity was significantly higher in HIGH fish at all three sampling days 

(p<0.0001). In both treatments, SOD activity did not change over time. After seven days of 

gradual temperature increase, HIGH fish exhibited significantly higher levels of lipid 

peroxidation than CTR fish (D0: p=0.03). LPO decreased significantly over time in HIGH fish 

(D0-D21: p=0.0027). 
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3.7 Temperature effect on active- and resting-routine metabolic rate (RMR) 

At normoxic conditions, measurements of MO2 consumption revealed significantly higher 

active- (p=0.0002) as well as resting-RMR (p=0.006) for HIGH fish compared to CTR fish. 

For HIGH fish, active-RMR was significantly higher than resting-RMR (p=0.049). In both 

treatments, MO2 measured during daytime (light effect) were significantly higher than 

resting-RMR during night (CTR: p=0.006, HIGH: p<0.0001). MO2 measured at daytime were 

significantly higher for HIGH fish compared to CTR fish (p<0.0001). 

  

Figure 7. Mass-specific rate of O2 consumption (MO2, mg O2 h-1 g WW-1) of juvenile 
milkfish at different activity levels (mean ± standard deviation). CTR: control 
temperature treatment (26°C). HIGH: high-temperature treatment (33°C). RMR: routine 
metabolic rate. Light effect: effect of daytime/light on metabolic rate. Significant differences 
(p<0.05) between treatments are indicated by capital letters (A, B) and between specific 
MO2 within each treatment by lowercase letters (a, b). Per treatment: N = 4. 

 

3.8 Temperature-induced changes in critical oxygen saturation (Scrit) 

Scrit differed between temperature treatments. For HIGH fish we could define an Scrit at 23.7 

% air saturation, whereas CTR fish revealed a considerably lower Scrit at 10.5 % air 

saturation.  
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Figure 8. Mass-specific O2 consumption rate (MO2, mg O2 h-1 g WW-1) of juvenile 
milkfish under progressively hypoxic conditions at 26°C (I) and 33°C (II). Data points 
are mean ± SD of MO2 measurements from four fish per temperature treatment. The 
horizontal solid line presents resting RMR determined at normoxic conditions (dashed lines 
demonstrate upper and lower 95% confidence limit). Scrit is demonstrated by the crossing 
point between the line of resting RMR and the linear regression plotted through MO2 data 
below the resting RMR. Scrit appears to be at 10.5% and 23.7% air saturation at 26°C and 
33°C, respectively. 

 

4. Discussion 

Temperature and DO are two key water parameters influencing the metabolism of aquatic 

organisms. Besides the classification as controlling or limiting factor, temperature and 

oxygen can also be categorized as directive factor (Fry, 1971). After Fry (1971), a directive 

factor will direct an organism “in some relation to a gradient of the factor in space or in 

time”. Thus, from an ecological point of view, mobile aquatic organisms, such as fish, would 

migrate to areas with preferable water temperature and/or DO concentrations (species-

specific) within their natural habitat, consequently fish try to avoid unfavourable/stressful 
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conditions (Claireaux and Chabot, 2016). However, this natural “avoidance behaviour” is 

strongly restricted in mariculture systems (e.g. pens and cages) and cultured fish, therefore, 

have to cope with potentially stressful variations in temperature and DO. 

4.1 Stress-induced metabolic implications for milkfish exposed to increasing water 

temperature 

The analyses of different biomarkers in muscle and liver tissue of juvenile milkfish revealed 

that several markers, related to metabolic pathways (measured in white muscle tissue) as 

well as to oxidative stress (measured in liver tissue), responded significantly to the gradual 

temperature increase from 26 °C to 33 °C (D-7 to D0). Thereby, in particular biomarker 

related to aerobic metabolic pathways (ETS, IDH) demonstrated a significant increase in 

activity, whereas biomarker related to anaerobic metabolic pathways (LDH) exhibited only 

a minor (non-significant) response to the gradual temperature increase. 

In general, IDH, involved in aerobic metabolic pathways, is an important enzyme for cellular 

metabolism. In the present study, we measured NADP-dependent IDH (NADP-IDH), which is 

an important supplier of NADPH either in the mitochondria or in the cytoplasm, depending 

on the respective isoform (Jo et al., 2001; Koh et al., 2004). As NADPH supplier, NADP-IDHs 

are involved, among others, in the cellular defence against oxidative stress, e.g. regeneration 

of reduced glutathione (Jo et al., 2001; Koh et al., 2004; Lee et al., 2002). Taking into account 

the pronounced oxidative stress response (e.g. high SOD activity) in HIGH fish at D0, the 

high NADP-IDH activity could be indicative for an elevated demand of NADPH as an energy 

resource to cope with enhanced production of ROS. Significantly higher levels of LPO in 

HIGH fish at D0 support the assumption of enhanced ROS production and furthermore 

indicate that antioxidant defence mechanisms (e.g. SOD) were not sufficient to protect cells 

from oxidative damage.  

With regard to energy reserves, reduced HSI in HIGH fish at D0 suggests that milkfish have 

enhanced energetic costs to cope with increasing temperatures. HSI is a proxy for the 
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energy status of fish, as the liver is an important organ for energy storage (Busacker et al., 

1990). A decline in HSI has also been reported for other fish species when exposed to higher 

temperatures or multiple stressors (Pédron et al., 2017; Windisch et al., 2014). 

Furthermore, HIGH fish showed a tendency of decreased lipid levels in white muscle tissue 

after the temperature increase. Several previous studies demonstrated that stress-induced 

elevated concentrations of catecholamines or cortisol can affect the lipid metabolism in 

some teleost fish species, thereby, depending on stressor and type of tissue, leading to the 

mobilization of stored lipids (Fabbri et al., 1998; Karakatsouli et al., 2008; Magnoni et al., 

2008; Sheridan, 1986; Vergauwen et al., 2010). For milkfish, Hsieh et al. (2003) reported an 

enhanced mobilization of lipids after milkfish were exposed to cold shock treatment, 

demonstrated by elevated levels of plasma lipids. Consequently, lower lipid content in HIGH 

fish might be a result of increased energy demand, thus provoking the mobilization of 

energy reserves in juvenile milkfish to cope with thermal stress. From an economic 

perspective, a significant reduction in muscle lipid content will result, besides the metabolic 

consequences, in a decline in product quality and consequently negatively affect the product 

value (Robb et al., 2002).  

Overall, these findings suggest that the temperature increase from 26 °C to 33 °C reached 

beyond the optimal temperature range of juvenile milkfish, which consequently has led to 

the demonstrated increase in cellular stress response. Considering that the high 

temperature treatment (33 °C) of this study does not constitute an extremely high 

temperature for milkfish aquaculture, the initial metabolic consequences (reduced HSI, lipid 

content, etc.) for juvenile milkfish, which we could observe at D0 are alarming. Taking into 

account anthropogenic induced climate change and warming, increasing temperature 

should be considered as a potentially severe stressor for milkfish aquaculture in the future, 

thereby affecting fish performance and growth.  
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4.2 Long-term effect of high water temperature on milkfish metabolism and oxidative stress 

response 

The various biomarkers used in this study as indicator for the metabolic state or oxidative 

stress response of juvenile milkfish responded differently over time when milkfish were 

exposed to constantly higher water temperature.  

After two weeks (D14) at constant 33 °C, antioxidant defence (SOD activity) was still 

elevated in HIGH fish. However, LPO levels were no longer significantly higher compared to 

CTR fish, indicating that antioxidant mechanisms in HIGH fish started to cope with ROS 

levels, thereby avoiding further cellular oxidative damage. Interestingly, CAT did not exhibit 

any indications of enhanced activity in HIGH fish throughout the experiment. Previous 

studies have shown that CAT can be inhibited by superoxide anions (Kono and Fridovich, 

1982; Pigeolet et al., 1990). In our study, increased aerobic metabolism (IDH, ETS), as well 

as high SOD activity suggest that HIGH fish produced elevated levels of superoxide anions, 

which potentially had an impact on CAT activity. However, since our study did not include 

measurements of ROS levels (such as superoxide anions) or analyses of other antioxidant 

defence biomarkers, which might have compensated the reduced function of CAT (e.g. 

glutathione peroxidase), this assumption remains speculative. With regard to metabolic 

implications, resting- and active- RMR was significantly higher in HIGH fish compared to 

CTR fish after two weeks at constant 33 °C. Moreover, reduced lipid level in HIGH fish 

became even more prominent at D14 (p<0.05).  

Although lipid content and HSI still tended to be lower in HIGH fish towards the end of the 

experiment (D14 to D21), other metabolic markers such as IDH and ETS were at similar 

activity/level as in CTR fish, suggesting that milkfish might have started to habituate to 33 

°C over time. However, further analyses would be necessary, such as monitoring the 

development of standard metabolic rate, maximal metabolic rate and consequently aerobic 

scope of fish at a constantly higher temperature over time, to clearly demonstrate 
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habituation processes such as thermal metabolic compensation (restoring SMR and aerobic 

scope) (Sandblom et al., 2014). In a previous study (Hanke et al., 2019), we could already 

demonstrate that juvenile milkfish, exposed to the same temperature regime as presented in 

this study, showed indications of reduced growth after 7 days at constant 33 °C. However, 

towards the end of the experiment (D21) fish growth was positively affected by higher 

temperatures.  

4.3 Hypoxia tolerance of juvenile milkfish under thermal stress 

Milkfish cultured at constant 33 °C for two weeks (D14) exhibited a significantly higher 

resting- and active-RMR, as well as a more than twice as high Scrit than milkfish cultured at 

26 °C.  

In both temperature treatments, MO2 consumption rate measured at daytime (light effect) 

was significantly higher as resting-RMR, indicating that milkfish have calmed down during 

night. These results support and strengthen the choice of our experimental design, including 

the duration for acclimation, the chosen time period for the calculation of resting-RMR and 

the setup of the respiration chambers. Swanson (1998) reported MO2 between 126 - 170 mg 

O2 kg−1 h−1 for juvenile milkfish cultured at 26 °C and exposed to different salinities (15-55 

‰). However, juvenile milkfish in the study of Swanson (1998) were slightly larger in size 

and probably more active during measurements (considering experimental setup), thus 

explaining higher MO2 even at a salinity comparable to our study. Although in recent years 

several major fish kill events in milkfish mariculture production were linked among others 

with low DO concentration (San Diego-McGlone et al., 2008), the pertinent literature lacks 

data on critical oxygen limits for milkfish. Gerochi et al. (1978) reported that milkfish of 

different size showed a TL50 (tolerance limit corresponding to 50 % survival) between 0.5-

0.1 ppm at water temperatures comparable to the HIGH treatment in our study. However, 

from an ecological as well as from an economic point of view, it is at least as important to 

have in-depth knowledge about the Scrit level, being the oxygen saturation at which fish 
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cannot maintain a stable routine oxygen consumption rate independent from ambient 

oxygen saturation (Richards, 2011). A fish with a low Scrit is supposed to maintain a steady 

state (homeostasis) and normal activity level under decreasing DO levels longer than a fish 

with high Scrit (Richards, 2011). Taking into account the substantial difference in Scrit 

between milkfish cultured at 26 °C and 33 °C, it is clear that milkfish exposed to higher 

temperatures within their culture system are much more sensitive to drops in DO. A fish 

with higher Scrit is assumed to show a reduction in aerobic scope much faster with 

decreasing DO than fish with lower Scrit. Naturally, a maximized aerobic scope under optimal 

culture conditions for a given species will optimize fish performance (e.g. growth and 

reproduction), whereas a diminished aerobic scope will lead to a reduction in fish 

performance (Wang et al., 2009). Considering the comparatively small dimension (N = 4, per 

treatment) of the respirometry trials in our study, it is clear that further studies are 

necessary (including the measurement of maximum metabolic rate to evaluate the aerobic 

scope) to have conclusive results, in order to demonstrate to what extent the aerobic scope, 

performance and growth (over time) of milkfish is affected when exposed to hypoxic 

conditions under increasing ambient temperature. Nonetheless, the results of this study 

already indicate that commonly occurring variations in temperature (26 °C – 33 °C) and 

commonly occurring drops in DO (< 2 mg L-1) in milkfish mariculture can considerably 

influence milkfish performance, thereby making milkfish more susceptible to additional 

stressors and certainly for chronic stress. 

4.4 Conclusions 

The results of our study show that even a comparatively mild increase in temperature has 

already a significant effect on the metabolism of juvenile milkfish, making milkfish more 

susceptible to additional stressors such as decreasing DO concentrations. With regard to 

anthropogenically induced climate change and warming, as well as current culture practices 

(e.g. high stocking density), hypoxia will most likely become even more of a challenge in 

mariculture in the future. Taking into account the growing economic importance of 
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aquaculture in Southeast Asian countries, this is a worrying trend. Hence, also for future 

studies, it is of utmost importance to examine the metabolic implications for milkfish, when 

exposed to increasing water temperature as well as to determine critical oxygen limits for 

cultured fish at these temperatures, thereby helping to improve fish welfare, performance, 

growth and consequently production yield. 
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Abstract 

With the ever increasing demand for food, global aquaculture practices have intensified 

enormously over the last years. Due to this intensification, (inadequate) management 

strategies can cause (chronic) stress in cultured fish, thereby affecting fish performance and 

welfare. In Southeast Asia, milkfish (Chanos chanos) is an important aquaculture fish 

species. Traditionally, milkfish are cultured in pond systems with extensive culture 

practices, however, as culture practices intensified, other systems such as marine cages 

were introduced. 

Here we aimed to identify potential environmental and/or commercial management related 

chronic stressors for milkfish kept in marine cage systems using ontogenetic (OG) scale 
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cortisol. We quantified chronic stress levels in milkfish from four cage systems (F1-F4) with 

different geographic locations and management strategies within the mariculture area 

(approx. 2.2 x 0.6 km) of the Guiguiwanen Channel in Bolinao (Philippines). The sites were 

chosen along the mariculture area, with F1 located in the mouth of the channel, F2 at the 

beginning, F3 mid-way, and F4 at the end of the mariculture area. Each site was sampled 

twice (I, II) with a time interval of 15 days between both samplings. OG scale cortisol 

increased significantly between sampling I and II at all four sites, indicating that milkfish at 

all sites experienced to a certain extent stressful conditions within their cage system. At 

both samplings, OG cortisol was highest at F4, where also the highest stocking density was 

observed. Taking into account the existing culture conditions, OG cortisol levels showed that 

different aspects of typically applied management strategies (e.g. stocking density, feeding 

strategy), as well as the location might have an effect on the stress level of cultured milkfish 

and therefore should be considered as potentially severe stressors in milkfish mariculture. 

To our knowledge this is the first study quantifying chronic stress in commercial milkfish 

aquaculture settings, hereby contributing to overall more sustainable aquaculture practices. 

Keywords: intensive aquaculture, chronic stress, stocking density, ontogenetic scales, milkfish 

1. Introduction 

The increasing global demand for marine products has led to intensification in commercial 

aquaculture production. In 2017, the global aquaculture production of fish, crustaceans, 

molluscs, etc. reached 80.1 million tons, excluding aquatic plants, with several Asian 

countries as top producers (FAO, 2019). In Southeast Asia, milkfish (Chanos chanos) is an 

important aquaculture fish species (de Jesus-Ayson et al., 2010; Marte, 2003), with the 

Philippines as one of the leading producers (Bagarinao, 1994; Marte, 2010). This euryhaline 

fish is cultured in a variety of culture systems (i.e. ponds, pens, and cage systems) used in 

fresh, brackish as well as marine environments (Bagarinao, 1994; de Jesus-Ayson et al., 

2010). Traditionally, milkfish were cultured in large shallow brackish water pond systems 
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with extensive culture practices. However, as culture practices have intensified 

dramatically, other systems such as pens and cages are commonly used in freshwater as 

well as in mariculture (Marte, 2010).  

The change from extensive to intensive culture practices, as observed for milkfish, applies 

also for many other species, and has become an increasing threat for the performance and 

growth of cultured fish globally. Inadequate management strategies have been shown to 

cause stress in cultured fish, thereby affecting fish performance and welfare (Conte, 2004; 

Sneddon et al., 2016). Intensification of management strategies is often related to higher 

stocking densities. Various studies reported an increased stress response and even 

suppressed immune functions in several important aquaculture fish species including but 

not limited to common carp (Cyprinus carpio) (Ruane et al., 2002), Atlantic salmon (Salmo 

salar) (Calabrese et al., 2017), rainbow trout (Oncorhynchus mykiss) (Yarahmadi et al., 2016) 

and European sea bass (Dicentrarchus labrax) (Lupatsch et al., 2010), when cultured at 

higher stocking densities. Depending on the type of culture system and management 

strategy, stocking densities for milkfish can vary considerably (de Jesus-Ayson et al., 2010; 

Marte et al., 2000). Surprisingly, studies focusing on the stress response of milkfish in 

relation to higher stocking densities are scarce. Moreover, intensive management commonly 

also implies the practice of intensified supplementary feeding, which has a negative impact 

on the water quality within the culture system as well as of the surrounding environment 

(Holmer et al., 2008). This was observed in heavily used mariculture areas of the 

Philippines, where a significant eutrophication of coastal areas and a decrease of naturally 

occurring species were reported in correlation with the expansion and intensification of 

aquaculture practices (Ferrera et al., 2016; San Diego-McGlone et al., 2008; Tanaka et al., 

2014). A marked deterioration of the water quality, especially with regard to decreasing 

oxygen levels, can substantially impair the performance of cultured fish. In extreme cases, 

such conditions can lead to significant mortality rates, thereby presenting huge economic 
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losses, as reported several times in the Philippines within the last decades (Escobar et al., 

2013; Marte et al., 2000; San Diego-McGlone et al., 2008). 

The onset of the stress response in fish is characterized by an immediate catecholamine 

mediated increase of glucose followed by the activation of the hypothalamic-pituitary-

interrenal (HPI) axis in order to regain homeostasis (Wendelaar Bonga, 1997). In teleost 

fish, such as milkfish, the activation of the HPI axis results in the release of cortisol into the 

plasma. Where an acute stress response is characterized by a short elevation of plasma 

cortisol, chronic stress can lead to long-term elevated levels, being adaptive and 

maladaptive, respectively (Barton, 2002; Schreck and Tort, 2016). In this study, we used 

ontogenetic scale cortisol to quantify chronic stress levels. Aerts et al. (2015) showed that 

scale cortisol is an effective biomarker for chronic stress in teleost fish as it provides a 

retrospective view on the HPI axis (re)activity, whereas plasma cortisol solely provides a 

snapshot (Aerts et al., 2015; Cook, 2012). In a previous experimental study with milkfish, we 

showed the effective use of scale cortisol for milkfish, demonstrated by a significant increase 

in scale cortisol levels when fish were exposed to thermal stress (Hanke et al., 2019). 

Though several studies focused on the acute stress response of milkfish exposed to single 

stressors under controlled laboratory conditions (Chang et al., 2016; Hsieh et al., 2003; Wei 

et al., 2017), the pertinent literature lacks data on chronic stress under commercial 

aquaculture conditions, whereby milkfish, as well as other species are exposed to a plethora 

of potentially stressful stimuli. 

In all, we aimed by using ontogenetic (OG) scale cortisol to identify and quantify potential 

environmental and/or management related chronic stressors for milkfish kept in marine 

cage systems. Hereto, we quantified chronic stress levels of milkfish at four cage systems 

with different geographic locations and management strategies within the mariculture area 

of the Guiguiwanen Channel and at two sampling time points (I and II) with an intermediate 

time period of 15 days. Assuming that milkfish are exposed to a variety of potentially 
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stressful stimuli, resulting from its environment and/or inadequate management, OG scale 

cortisol levels were expected to increase over time (i.e. between sampling I and II). 

Furthermore, we presumed that milkfish showed differences in OG scale cortisol levels 

between sites as a consequence of differing management strategies. To our knowledge this 

is the first study quantifying chronic stress in commercial milkfish aquaculture settings, 

hereby contributing to overall more sustainable aquaculture practices. 

2. Material and methods 

2.1 Sampling sites 

Bolinao, situated at the northwest coast of Luzon Island, was chosen as study area as it 

belongs to the most productive region for milkfish mariculture in the Philippines (BFAR, 

2016). We focused on a designated mariculture area, consisting of a compact arrangement 

of approximately 200 fish cages over an area of 2.2 km length x 0.6 km width, within the 

Guiguiwanen Channel. Water movement in this channel is mainly driven by mixed tidal 

currents, with prevailing diurnal characteristics (Rivera, 1997). During incoming tides, 

“fresh” seawater enters the channel mainly from the northwestern inlet (open ocean), 

whereas during outgoing tides water flows from the (southeastern) mariculture area to the 

northwestern inlet. Along the mariculture area, four different geographic locations with fish 

cages (F1 to F4) culturing milkfish at a similar developmental stage were chosen as 

sampling sites (Figure 1). The first site (F1) was located within the first row of cages near 

the northwestern channel inlet, while the other three sites were located at the beginning 

(F2), mid-way (F3), and at the end (F4) of the mariculture area, respectively. Differences 

between the four sampling sites regarding environmental conditions as well as the applied 

management strategy were described and monitored per site.  
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Figure 1. Sampling sites within the mariculture area of Bolinao, Philippines. Locations 
of sampling sites are highlighted by red squares. The first site (F1) was located within the 
first row of cages (channel inlet – far left), F2 located at the beginning, F3 mid-way, and F4 
at the end (far right) of the mariculture area. The grey triangle near F1 represents the 
location of the Guiguiwanen fishing port. Data source: GADM1.  

 

2.2 Sampling 

Sampling took place in May/June 2017 during the transition from dry to rainy season over a 

time period of four weeks. Within this period, all four sites were monitored weekly for 

various environmental parameters at fixed positions during incoming tides at 5 m depth. 

Due to logistical feasibility, this monitoring was split into two days per week (2 sites per 

day; for detailed sampling schedule see Supplementary Material, Table S1). In this 

framework, water temperature, salinity and pH were measured and levels of ammonia 

(NH4), nitrite (NO2), nitrate (NO3) and phosphate (PO4) were analyzed. Water samples for 

nutrient analyses were pre-filtered (0.2 µm) and stored at -20 °C. In addition, two 43 h-

monitoring periods (logging interval: every 30 min) of dissolved oxygen (DO) and water 

temperature (HOBO Logger, U26) were performed per site at 5 and 10 m depth (exception 

                                                             
1 https://gadm.org/download_country_v3.html; Philippines, level 3 (gadm36_PHL_3_sp.rds) 
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for F4, where, due to lower water/cage depth, the deepest monitoring depth was adjusted to 

7 m). The 43 h-monitoring periods, each starting two days before the respective fish 

sampling, were performed to record diel variations for DO and water temperature per site. 

At the beginning of the sampling campaign, caretakers at each site were interviewed about 

the applied management strategy, this included, among other aspects, culture time, stocking 

density, and feeding strategy. Interviews were regularly repeated during the sampling 

campaign to look for potential changes in the applied management strategy (e.g. changes in 

feeding strategy) or unusual incidents, such as high mortality rates. 

During the sampling campaign, two fish samplings (I, II) were performed on all four sites 

with a time interval of 15 days between sampling I and II. Due to logistical reasons and to 

ensure accurate and fast sample processing and storage, only a single site was sampled per 

day and consequently two sites per week (for detailed sampling schedule, see 

Supplementary Material, Table S1). The culture time among the four sites varied at sampling 

I between 76 - 94 days and at sampling II between 91 - 109 days. Per site at both samplings, 

six fish were euthanized using 2-phenoxyethanol (1 %; v/v), followed by a cut through the 

spinal cord and fish weight (g) as well as total length (cm) were registered. From each fish, 

100 ontogenetic (OG) scales were sampled at a fixed location dorsal to the lateral line from 

the right flank as previously reported for carp and milkfish (Aerts et al., 2015; Hanke et al., 

2019). After removing the mucus with a tissue, to ensure no contamination from exogenous 

glucocorticoids, scale samples were stored at 4 °C. 

2.3 Analysis of environmental parameters 

NH4, NO2, NO3, and PO4 were analyzed using a continuous segmented flow auto-analyzer 

(San System, Skalar, Netherlands) (Grasshoff et al., 1999).  

2.4 Scale cortisol analysis 

Samples of OG scales were homogenized with a bead ruptor (PowerLyzer 24, Qiagen) using 

PowerBead tubes (ceramic 2.8 mm, Qiagen) and subsequently extracted and ultra-purified 
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as described in Hanke et al. (2019). Ultra-performance liquid chromatography coupled to 

tandem mass spectrometry (UPLC-MS/MS) analysis was performed as described in Aerts et 

al. (2015).  

2.5 Statistical analysis 

Scale cortisol levels, as well as fish body condition data were modelled using a linear model 

with the glimmix procedure in SAS 9.4 (SAS Institute Inc., Cary, NC) with culture time (in 

days), site (F1 to F4) and their interaction as fixed effect. To achieve normality, OG scale 

cortisol data were Log-transformed. Based on graphical examination of the residuals 

(histogram and QQ-plot) the (transformed) data were assumed to be sufficiently normally 

distributed. To test for statistical differences in OG scale cortisol between sampling sites, the 

slight difference in culture time between sites was taken into account (culture time 

(continuous factor) was included in the model). A post-hoc test on the least squares means 

for differences between sampling sites with a standardized culture time at sampling I (85 

days) and sampling II (100 days) was used with a Tukey-Kramer correction for multiple 

comparisons. To test for statistical differences in OG scale cortisol between sampling times 

(I and II) at each sampling site, a post-hoc test on the least-squares estimates for the 

differences between day 85 and day 100 was used with a Bonferroni correction for multiple 

comparisons. 

3. Results 

3.1 Environmental parameters 

Weekly measured temperature, salinity, pH, NO2, NO3 and PO4 concentrations were similar 

between the four sampling sites (Table 1), but showed slight variations between sampling 

weeks, in particular, week 4 when compared to week 1-3. During the last sampling week, on 

average, the highest NH4, NO2 and PO4 concentrations, lowest pH and highest temperatures 

were observed. 
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Table 1. Environmental parameters 

  Environmental parameter 

Week Site pH T [°C] Salinity NH4 [µM] NO3 [µM] NO2 [µM] PO4 [µM] 

1 

F1 8.0 30.6 34.6 3.27 0.21 0.06 1.28 

F2 8.1 31.3 34.7 0.42 0.12 0.04 1.21 

F3 8.1 31.2 34.6 1.76 0.18 0.06 1.11 

F4 8.0 31.1 34.8 0.29 0.13 0.05 1.38 

2 

F1 8.1 30.5 34.2 2.55 0.36 0.07 0.47 

F2 8.1 30.3 33.9 3.39 0.49 0.11 0.69 

F3 8.0 30.7 34.1 3.87 0.33 0.08 0.84 

F4 8.0 30.5 34 5.73 0.50 0.13 1.29 

3 

F1 8.1 31 33.1 2.07 0.18 0.03 0.36 

F2 8.1 31 33.2 0.39 0.15 0.02 0.46 

F3 8.0 31 33.1 1.09 0.23 0.05 0.52 

F4 8.0 30.9 33.1 2.44 0.18 0.04 0.70 

4 

F1 7.8 31.6 33.4 6.26 0.29 0.17 2.08 

F2 8.0 31.3 33.3 4.19 0.46 0.19 1.30 

F3 7.9 31.9 33.4 5.01 0.23 0.18 2.41 

F4 7.9 31.1 33.3 6.73 0.40 0.21 2.07 

 

Average temperature and DO concentrations during 43h-monitoring periods tended to be 

lower at 10 m depth compared to measurements performed at 5 m. Sites which were 

monitored for 43h within the same sampling week (F1+F4 and F2+F3, respectively) showed 

most of the time a similar extent in temperature and DO variation (Figure 2). Averages 

and/or variations in both parameters during 43 h-monitoring periods differed between 

sampling weeks. Thereby, week 1 (F1/F4) exhibited the highest extent in temperature and 

DO variation, while the lowest DO levels were observed during week 4 (F2/F3).  
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Figure 2. Temperature (a) and dissolved oxygen concentration (b) during 43h-
monitoring. Fifty percent of the observations occur between the lower and upper edges of 
the box (the first and third quartiles) and the whiskers extend to the most extreme 
observation, which is no more than 1.5 times the interquartile range from the box. 

 

3.2 Management strategy differed between sites 

Sampling sites differed in cage depth and cage volume. Thereby site F4, with a cage depth of 

8 m, had a smaller cage volume when compared to sites F1-F3 with a cage depth of 10 m. 

Culture conditions regarding stocking density (total number of fish (N) as well as N m-3) and 

feeding strategy differed between sites (Figure 3). Thereby, the highest stocking density and 

highest feeding amount were at F4, while the lowest feeding amount and shortest feeding 

time (F2: sunrise until mid-day; F1/F3/F4: whole-day feeding) was observed at F2. Feed 

type (brand, crumble/pellet size, etc.) differed between sites. Thereby most changes in feed 

type over time were observed at F1. 
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Figure 3. Main parameters of applied management strategies. Figure demonstrates 
differences in stocking densities (total N and N mˉ³) and feeding strategy, the latter involves 
feeding time (whole-day: sunrise-sunset, or half-day: sunrise-midday), as well as changes in 
feeding amount (kg day-1) or feed type (crumble to different pellet size). 

 

3.3 Body condition 

At both samplings, milkfish collected from F4 were larger (sampling I: F1-F4: t=-9.17, 

p<0.0001; F2-F4: t=12.82, p<0.0001; F3-F4: t=-7.38, p<0.0001; sampling II: F1-F4: t=-6.67, 

p<0.0001; F2-F4: t=7.06, p<0.0001; F3-F4: t=-7.56, p<0.0001) and heavier (sampling I: F1-

F4: t=-9.24, p<0.0001; F2-F4: t=12.75, p<0.0001; F3-F4: t=-7.58, p<0.0001; sampling II: F1-

F4: t=-8.66, p<0.0001; F2-F4: t=9.01, p<0.0001; F3-F4: t=-9.66, p<0.0001) compared to 

milkfish sampled from F1-F3. Milkfish collected during sampling II were at all four sites 

significantly larger than fish from sampling I (F1: t=6.56, p<0.0001; F2: t=3.51, p=0.0045; 

F3: t=3.66, p=0.0029; F4: t=4.26, p=0.0005).  

3.4 Ontogenetic scale cortisol differed between sites and increased over time 

The linear model revealed that site (F=5.38, p=0.0033), culture time (F=70.25, p<0.0001) as 

well as the interaction (F=4.15, p=0.0119) had a significant effect on measured OG scale 

cortisol. Post-hoc test with Tukey-Kramer correction revealed that OG cortisol was 
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significantly higher (F4-F1: t=-8.07, p<0.0001; F4-F2: t=9.66, p<0.0001; F4-F3: t=-5.74, 

p<0.0001) in milkfish collected at F4 during sampling I (0.12 ± 0.05 µg per kg, adjusted to 85 

days: 0.17 ± 0.01 µg per kg) compared to the three other sites (0.04-0.06 µg per kg, adjusted 

to 85 days: 0.02-0.04 µg per kg). Similar results were observed during sampling II, as OG 

cortisol was again significantly higher (F4-F1: t=-4.37, p=0.0005; F4-F2: t=4.79, p=0.0001; 

F4-F3: t=-5.50, p<0.0001) in milkfish collected at F4 (0.21 ± 0.06 µg per kg, adjusted to 100 

days: 0.31 ± 0.06 µg per kg) compared to the three other sites (0.07-0.2 µg per kg, adjusted 

to 100 days: 0.07-0.1 µg per kg). 

 

Figure 4. Ontogenetic scale cortisol at different sites and sampling points. Time 
interval between sampling I and II was 15 days. The culture time among the four sites 
varied at sampling I (a) between 76 – 94 days and at sampling II (b) between 91-109 days. 
Fifty percent of the observations occur between the lower and upper edges of the box (the 
first and third quartiles) and the whiskers extend to the most extreme observation, which is 
no more than 1.5 times the interquartile range from the box. Red dots are representing 
estimated means (± se) of OG cortisol adjusted to 85 and 100 days culture time (included in 
the model as continuous factor). 

 

Post-hoc test with Bonferroni correction revealed that at all four sites OG scale cortisol 

levels of milkfish collected during sampling II were significantly higher compared to OG 

cortisol levels of milkfish from sampling I (F1: t=7.07, p<0.0001; F2: t=3.35, p=0.0071; F3: 

t=3.13, p=0.0129; F4: t=3.09, p=0.0144). For milkfish sampled at F2-F4, OG cortisol levels 

during sampling II were approximately twice as high as OG cortisol levels from fish collected 

at sampling I, whereas milkfish from F1 exhibited four times higher OG cortisol levels at 

sampling II compared to sampling I (Figure 4). 
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4. Discussion 

The intensification of aquaculture practices has become an increasing threat to the 

performance, health and welfare of cultured fish around the world. In this framework, 

inadequate culture practices including, but not limited to high stocking density, non-

optimized feeding and water renewal, present not only a challenge for the cultured fish and 

its surrounding environment, but also for the industry from an economic point of view. 

Pinpointing as well as accurate quantification and subsequent monitoring and mitigation of 

chronic stressors would contribute significantly to more sustainable aquaculture. In our 

study area, Bolinao, as well as in other mariculture areas in the Philippines, intensive 

practices have been shown to contribute to coastal pollution by a significant deterioration in 

water quality, such as increased eutrophication, algal blooms and decreased oxygen levels 

(David et al., 2009; San Diego-McGlone et al., 2008). Water quality parameters measured 

during our study revealed similar eutrophic conditions as reported by San Diego-McGlone et 

al. (2008) after the first mariculture systems were introduced in Bolinao. 

As juvenile milkfish are commonly cultured for 4-8 months (largely depending on current 

market size/price) in marine cage systems during grow-out phase (Marte, 2010; Marte et al., 

2000), we selected sampling sites in which fish were cultured for at least 2-3 months, as this 

would exclude significant differences in culture time and subsequently allowed us to obtain 

a representative view on the chronic stress conditions at the respective location. This was 

confirmed by the recorded milkfish body condition which was found to be similar for F1-F3. 

Only fish at F4 were slightly larger in size (length and weight), however, size differences at 

F4 compared to F1-F3 can be explained by the size at which fish were introduced into the 

cages. Whereas fish at F1-F3 were stocked at a length of approximately 5-6 cm, fish at F4 

were around 8-11 cm in length at the time of stocking. Nonetheless, at all four sites OG scale 

cortisol values at sampling I represented what fish experienced during approximately half of 

a grow-out cycle.  
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4.1 Milkfish in commercial mariculture showed high scale cortisol levels 

OG scale cortisol levels obtained in this field study were compared to results of an 

experimental trial with milkfish kept under laboratory conditions, in which the effect of a 

single potential stressor, water temperature (control: 26 °C, high: 33 °C), was tested (Hanke 

et al., 2019). Observed OG scale cortisol levels of milkfish from commercial mariculture 

systems (approx. 31 °C) were up to a hundredfold higher (on average sixty times higher) 

than those of the control group (26 °C) and even higher than those of the high temperature 

group (33 °C) as reported by Hanke et al. (2019). Since both data sets were obtained from 

juvenile milkfish and analyzed using the same validated UPLC-MS/MS quantification 

method, higher OG scale cortisol levels measured in this field study clearly demonstrate that 

milkfish cultured in commercial cage systems show a considerable stress response over 

time and are most likely exposed not only to a single but to a variety of chronical stressful 

stimuli. 

4.2 Ontogenetic scale cortisol levels differed significantly between culture practices 

At both samplings (I, II), OG scale cortisol levels of cultured milkfish differed significantly 

between sites. Though monitoring of environmental water quality parameters revealed that 

water quality was affected by aquaculture practices, these environmental conditions were 

not remarkably different between the four sites. Environmental parameters (from weekly 

measurements) predominantly showed variations between sampling weeks rather than 

sampling sites, demonstrating that all four sites experienced similar (weekly) 

environmental variations (at least during our measurement period), hereby indicating that 

environmental conditions were not a main driver explaining the significant differences in 

chronic stress levels between sites.  

At sampling I, highest OG scale cortisol levels were observed at F4. Considering the 

management strategy at each site, the most prominent difference between F4 and F1-F3 

was the applied stocking density. While at F1-F3 fish were kept at stocking densities of 
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approx. 31 - 32 individuals per m3 (N m-3), milkfish at F4 were cultured at a 1.5 times higher 

density of approx. 48 N m-3. For many commercially important fish species it has been 

shown that high stocking density induces stress and even suppresses immune responses, 

which consequently lead to reduced growth and performance as well as a higher 

susceptibility to disease (Calabrese et al., 2017; Jia et al., 2016; Liu et al., 2016; Skrzynska et 

al., 2018). Reported densities for milkfish ranged between 1000 - 3000 N ha-1 for traditional 

extensive pond systems and even reached up to 30.000 N ha-1 for intensive pond systems, 

while densities in cage systems were reported to vary from 5 - 50 N m-3 for freshwater, 30 - 

60 N m-3 for marine coastal, up to 100 N m-3 in large marine offshore cage systems, 

respectively (de Jesus-Ayson et al., 2010; Marte et al., 2000; Sumagaysay-Chavoso and San 

Diego-McGlone, 2003). Although stocking densities for milkfish vary considerably between 

different types of culture system and management strategy, data on the effect of stocking 

density on milkfish, especially with regard to (chronic) stress, are scarce. Previous studies 

related to stocking density were primarily focusing on yield production in pond systems by 

examining holding capacity, cost efficiency or assessments of polycultures (Baliao et al., 

1987; Eldani and Primavera, 1981; Sumagaysay-Chavoso and San Diego-McGlone, 2003). At 

sampling II, OG scale cortisol levels were again highest at F4. The management strategy at 

F4 did not change significantly between sampling I and II, consequently stocking density 

remained the most conspicuous difference between F4 and F1-F3. 

In contrast to F4, milkfish at site F2 exhibited for both samplings comparatively low OG 

scale cortisol concentrations and lowest variation (original data) between individual fish. 

During our sampling campaign, we observed a clear difference in the applied feeding 

strategy at F2 compared to all other sites. Besides a lower feeding ratio, fish at F2 were fed 

only part-time (sunrise until midday) in contrast to the whole-day feeding observed at the 

other three sites. It is known (from various studies on a plethora of other aquaculture 

species) that inadequate feeding strategies have a negative effect on fish performance 

(López-Olmeda et al., 2012). Blunt snout bream (Megalobrama amblycephala) for instance, 
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exhibited increased plasma cortisol levels and oxidative stress response when fed at higher 

frequencies throughout the day (Li et al., 2014). Furthermore, Fan et al. (2017) reported 

that yellow catfish (Pelteobagrus fulvidraco) exposed to ammonia, thereby imitating poor 

water quality, showed an increased oxidative stress response when additionally fed at 

higher feeding frequencies. These findings on acute stress (using plasma cortisol) 

strengthen our findings on chronic stress (using scale cortisol) that feeding strategy of site 

F2 seemed to be more sustainable compared to the other sites with regard to two aspects, as 

this strategy might: (i) reduce the impact on the surrounding environment by lowering the 

organic input (i.e. fish feed and feces); and (ii) be less stressful for the cultured fish.  

4.3 Ontogenetic scale cortisol levels differed significantly over time per culture system 

Milkfish at all four sites showed a significant increase in OG scale cortisol within 15 days 

between the respective sampling I and II. This significant increase in OG scale cortisol 

demonstrates that milkfish at all four sites experienced to a certain extent stressful 

conditions within their cage system, as commonly encountered in intensified commercial 

aquaculture systems. Besides inadequate management strategies (e.g. stocking density and 

feeding strategy), it was assumed that milkfish cultured within the mariculture area of the 

Guiguiwanen Channel are additionally exposed to varying environmental conditions due to 

tidal movement and/or seasonal changes (sampling during the transition from dry to rainy 

season). We could observe an increase in the amount of precipitation as well as the number 

of cloudy days or days with temporary heavy rainfalls from the second week on during our 

sampling campaign. Correspondingly, environmental data demonstrated slight variations 

between sampling weeks, such as slight reduction in salinity from the second week on, 

however, these were far from being critical or lethal for cultured milkfish (Bagarinao, 1991; 

Ferraris et al., 1988; Juliano and Rabanal, 1963). We also observed diel variations in 

temperature and DO during 43h-monitoring periods with an average diel fluctuation 

(difference between diel minimum and maximum level) of approx. 1.0 °C and 3.2 O2 mg L-1 at 

5 m and 1.2 °C and 3.6 O2 mg L-1 at 10 m depth, respectively. In accordance with the 
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observed weather changes, 43h-monitoring’s during the first week tended to show a higher 

variation, than monitoring’s during weeks 2 - 4. Milkfish are considered to be tolerant to low 

oxygen concentrations as a number of studies reported that clear signs of anoxia (e.g. 

gasping, decreased food intake) and/or fish kill events within culture systems only appear 

at DO concentrations below 1 - 2 mg L-1 (Gerochi et al., 1978; Sumagaysay-Chavoso and San 

Diego-McGlone, 2003; Villaluz and Unggui, 1983). Results from respirometry measurements 

on juvenile milkfish during one of our previous studies confirmed comparatively low critical 

oxygen limits for juvenile milkfish (Hanke et al., in prep). Nonetheless, for aquaculture 

systems located within a varying environment (tidal and/or seasonal variation), one should 

consider that even though individual parameters are not within a seriously critical range for 

cultured fish, the sum of environmental parameters which show (diel) fluctuations and to 

which fish have to adapt to, can constitute a stressor. Due to the variety of potential 

stressors which can affect cultured milkfish, this study will not pinpoint a single main driver 

accounting for the OG scale cortisol increase over time of cultured milkfish at all four sites. 

However, we were able to demonstrate that the stress response of cultured milkfish is more 

likely to be the result of a variety of chronically stressful stimuli, whereby inadequate 

management conditions as well as environmental variations, should be taken into account. 

Even though OG scale cortisol showed a significant increase over time at all four sites, we 

could observe differences in the extent of the OG scale cortisol increase between sites. OG 

cortisol levels from milkfish sampled at F1 were four times higher, whereas OG cortisol 

levels of milkfish collected at F2-F4 were only twice as high at the respective sampling II 

compared to sampling I. Considering the locations of all four sites within the channel, it 

should be taken into account that anthropogenic activities (e.g. noise pollution, boat 

trafficking) in the near surroundings of F1 were probably much higher compared to all 

other sites due to the close position to the Guiguiwanen fishing port (Figure 1). F1 is located 

approximately 250 m from the Guiguiwanen fishing port and ferries are sailing between the 

fishing port and Santiago Island at a distance of 70-150 m to the first row of cages. Water is 
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known to be an ideal medium for noise transmission and it has already been reported for 

several fish species that noise pollution due to vessel traffic or pile driving induces an 

increase in plasma cortisol (Celi et al., 2016; Slabbekoorn et al., 2010; Smith et al., 2004). 

Recently, Wei et al. (2017) reported for milkfish an increase in plasma cortisol within the 

first 24 hours and higher gene expression of 11β-hydroxysteroid dehydrogenase 2, an 

enzyme active in cortisol pre-receptor regulation as it interconverts cortisol to its keto-form 

cortisone, after 3 days and 1 week exposure to noise pollution. However, as we did not 

include noise measurements in our study we neither can verify if noise pollution from 

boat/harbour activities were within a critical range for milkfish nor if activities/noise 

pollution changed remarkably within the respective 15 days and therefore could explain the 

increase in OG scale cortisol at F1 between sampling I and II. Nonetheless, anthropogenic 

activities constitute a potential chronic stressor, rendering cultured fish more susceptible to 

additional stressful stimuli, and subsequently might have contributed to the measured OG 

cortisol levels.  

4.4 Contributing to more sustainable culture practices in marine cage systems  

This study should be seen as an approach to contribute to more sustainable practices in 

(tropical) mariculture by quantifying chronic stress in cultured fish and by identifying 

potential environmental and/or management related stressors in marine cage systems. 

Using milkfish as species and scale cortisol as biomarker for chronic stress, we clearly 

demonstrated that fish cultured in marine cage systems face not a single but a variety of 

potentially stressful stimuli. Milkfish at all four sites experienced to a certain extent stressful 

conditions, demonstrated by the quantitative differences to the levels observed in our 

previous study (Hanke et al., 2019) and by the significant increase in OG cortisol within 15 

days between sampling I and II. In addition, milkfish showed significant differences in 

chronic stress level between sites. Considering previous studies in Bolinao, adverse 

environmental conditions such as low oxygen concentrations and/or (toxic) algal blooms 
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were suggested to be linked to re-occurring fish kill events (Ferrera et al., 2016; San Diego-

McGlone et al., 2008). During our sampling campaign, environmental conditions, although 

impacted by aquaculture practices, did not reach seriously critical levels for milkfish. 

However, in general the exposure to a variety of fluctuating environmental conditions (tidal- 

and/or seasonal-dependent), as commonly encountered in coastal aquaculture systems, 

should be considered as potential chronic stressful stimuli. 

In all, the main message from the present study is that different aspects of management 

strategies, which are typically applied in aquaculture, including but not limited to stocking 

densities and feeding strategies as well as the location of culture systems within the 

environment (i.e. a mariculture park), must be considered as potentially severe chronic 

stressors for milkfish and most likely also for other species farmed in (tropical) mariculture 

systems. Future studies should focus on the quantification, monitoring and subsequent 

mitigation of chronic stress from various management strategy based factors, as 

optimization would contribute to a more sustainable aquaculture: by reducing chronic 

stress levels of cultured fish, hereby improving fish performance and welfare as well as 

economic profitability (e.g. feed efficiency) for the farmer; and a better environment by 

reducing the impact of aquaculture practices on water quality and consequently on 

improving the overall environmental impact of global aquaculture practices. 

Acknowledgements 

This study is part of the ACUTE project (AquaCUlture practice in Tropical coastal 

Ecosystems - Understanding ecological and socio-economic consequences) and funded by 

the Leibniz Association (SAW-2015-ZMT-4) to AG. The funders had no role in study design, 

data collection and analysis, decision to publish, or preparation of the manuscript. The 

authors thank Jolien Scheerlinck of the Stress Physiology Research Group of Ghent 

University for helping with sample preparation and glucocorticoid analyses. We further 

thank our collaboration partners Dr. Cecilia Conaco and Dr. Wolfgang Reichhardt from the 



Chapter IV 

 

97 
 

Marine Science Institute, University of the Philippines Diliman, for providing laboratories 

and equipment as well as Chyrene Moncada for administrative assistance during our 

sampling campaign.  

Reference 

Aerts, J., Metz, J.R., Ampe, B., Decostere, A., Flik, G., De Saeger, S., 2015. Scales tell a story on 
the stress history of fish. PLoS One 10, 1–17. 
https://doi.org/10.1371/journal.pone.0123411 

Bagarinao, T., 1994. Systematics, distribution, genetics and life history of milkfish, Chanos 
chanos. Environ. Biol. Fishes 39, 23–41. https://doi.org/10.1007/BF00004752 

Bagarinao, T.U., 1991. Biology of milkfish (Chanos chanos Forsskal). Aquaculture 
Department, Southeast Asian Fisheries Development Center, Iloilo, Philippines. 94pp. 

Baliao, D.D., Franc, N.M., Agbayani, R.F., 1987. The economics of retarding milkfish growth 
for fingerling production in brackishwater ponds. Aquaculture 62, 195–205. 
https://doi.org/10.1016/0044-8486(87)90166-9 

Barton, B.A., 2002. Stress in fishes: A diversity of responses with particular reference to 
changes in circulating corticosteroids. Integr. Comp. Biol. 42, 517–525. 
https://doi.org/10.1093/icb/42.3.517 

Bureau of Fisheries and Aquatic Resources, 2007. Fisheries Statistics of the Philippines, 
2005-2007. 407pp. 

Calabrese, S., Nilsen, T.O., Kolarevic, J., Ebbesson, L.O.E., Pedrosa, C., Fivelstad, S., Hosfeld, C., 
Stefansson, S.O., Terjesen, B.F., Takle, H., Martins, C.I.M., Sveier, H., Mathisen, F., 
Imsland, A.K., Handeland, S.O., 2017. Stocking density limits for post-smolt Atlantic 
salmon (Salmo salar L.) emphasis on production performance and welfare. 
Aquaculture 468, 363–370. https://doi.org/10.1016/j.aquaculture.2016.10.041 

Celi, M., Filiciotto, F., Maricchiolo, G., Genovese, L., Quinci, E.M., Maccarrone, V., Mazzola, S., 
Vazzana, M., Buscaino, G., 2016. Vessel noise pollution as a human threat to fish: 
assessment of the stress response in gilthead sea bream (Sparus aurata, Linnaeus 
1758). Fish Physiol. Biochem. 42, 631–641. https://doi.org/10.1007/s10695-015-
0165-3 

Chang, C.H., Tang, C.H., Kang, C.K., Lo, W.Y., Lee, T.H., 2016. Comparison of integrated 
responses to nonlethal and lethal hypothermal stress in milkfish (Chanos chanos): A 
proteomics study. PLoS One 11, 1–19. https://doi.org/10.1371/journal.pone.0163538 

Conte, F.S., 2004. Stress and the welfare of cultured fish. Appl. Anim. Behav. Sci. 86, 205–223. 
https://doi.org/10.1016/j.applanim.2004.02.003 

Cook, N.J., 2012. Review: Minimally invasive sampling media and the measurement of 
corticosteroids as biomarkers of stress in animals. Can. J. Anim. Sci. 92, 227–259. 
https://doi.org/10.4141/cjas2012-045 

David, C.P.C., Maria, Y.Y.S., Siringan, F.P., Reotita, J.M., Zamora, P.B., Villanoy, C.L., Sombrito, 
E.Z., Azanza, R. V., 2009. Coastal pollution due to increasing nutrient flux in 



Chapter IV 

 

98 
 

aquaculture sites. Environ. Geol. 58, 447–454. https://doi.org/10.1007/s00254-008-
1516-5 

de Jesus-Ayson, E.G.T., Chao, N.H., Chen, C.C., Chen, Y.H., Cheng, C.Y., Leano, E.M., Lee, W.C., 
Liao, I.C., Lin, L.T., Marte, C.L., Salayo, N.D., Shiau, C.Y., Sudrajat, A., Sugama, K., Villaluz, 
A.C., Yap, W.D., 2010. Milkfish aquaculture in Asia, 1st ed. National Taiwan Ocean 
University, The Fisheries Society of Taiwan, Asian Fisheries Society and World 
Aquaculture Society. 195pp. 

Eldani, A., Primavera, J.H., 1981. Effect of different stocking combinations on growth, 
production and survival of milkfish (Chanos chanos Forskal) and prawn (Penaeus 
monodon Fabricius) in polyculture in brackishwater ponds. Aquaculture 23, 59–72. 
https://doi.org/10.1016/0044-8486(81)90007-7 

Escobar, M.T.L., Sotto, L.P.A., Jacinto, G.S., Benico, G.A., San Diego-McGlone, M.L., Azanza, R. 
V., 2013. Eutrophic conditions during the 2010 fish kill in Bolinao and Anda, 
Pangasinan, Philippines. J. Environ. Sci. Manag. 35, 29–35. 

Fan, X., Li, M., Yuan, L., Lai, H., Song, M., Wang, R., Zheng, R., 2017. Effects of feeding 
frequency on the enzymes and genes involved in oxidative stress in juvenile yellow 
catfish Pelteobagrus fulvidraco (Richardson) exposed to ammonia. Aquac. Res. 48, 
5874–5882. https://doi.org/10.1111/are.13410 

FAO, 2019. FAO yearbook. Fishery and Aquaculture Statistics 2017. Rome. 107pp. 

Ferraris, R.P., Almendras, J.M., Jazul, A.P., 1988. Changes in plasma osmolality and chloride 
concentration during abrupt transfer of milkfish (Chanos chanos) from seawater to 
different test salinities. Aquaculture 70, 145–157. https://doi.org/10.1016/0044-
8486(88)90013-0 

Ferrera, C.M., Watanabe, A., Miyajima, T., San Diego-McGlone, M.L., Morimoto, N., Umezawa, 
Y., Herrera, E., Tsuchiya, T., Yoshikai, M., Nadaoka, K., 2016. Phosphorus as a driver of 
nitrogen limitation and sustained eutrophic conditions in Bolinao and Anda, 
Philippines, a mariculture-impacted tropical coastal area. Mar. Pollut. Bull. 
https://doi.org/10.1016/j.marpolbul.2016.02.025 

Gerochi, D.D., Padlan, P.G., Buenconsejo, I.D., Paw, J.N., Rodriguez, E.M., 1978. Minimum 
dissolved oxygen tolerance of four different sizes of milkfish. SEAFDEC Aquac. Dep. Q. 
Res. Rep. 2, 7–10. 

Grasshoff, K., Kremling, K., Ehrhardt, M., Anderson, L., Andreae, M., Behrends, B., van den 
Berg, C., Brügmann, L., Burns, K.A., Cauwet, G., Duinker, J.C., Dyrssen, D., Ehrhardt, M., 
Fogelqvist, E., Fonselius, S., Hansen, H.P., Körtzinger, A., Koeve, W., Koroleff, F., 
Kremling, K., Kuss, J., Liebezeit, G., Moore, W.S., Müller, T.J., Prange, A., van der Loeff, 
M.R., Schirmacher, M., Schulz-Bull, D., Statham, P.J., Turner, D.R., Uher, G., Wallerstein, 
P., Wedborg, M., Williams, P.J. le B., Yhlen, B., 1999. Methods of seawater analysis. 
WILEY-VCH Verlag GmbH, Weinheim. 600pp. 

Hanke, I., Ampe, B., Kunzmann, A., Gärdes, A., Aerts, J., 2019. Thermal stress response of 
juvenile milkfish (Chanos chanos) quantified by ontogenetic and regenerated scale 
cortisol. Aquaculture 500, 24–30. 
https://doi.org/doi.org/10.1016/j.aquaculture.2018.09.016 

Holmer, M., Argyrou, M., Dalsgaard, T., Danovaro, R., Diaz-Almela, E., Duarte, C.M., 
Frederiksen, M., Grau, A., Karakassis, I., Marbà, N., Mirto, S., Pérez, M., Pusceddu, A., 
Tsapakis, M., 2008. Effects of fish farm waste on Posidonia oceanica meadows: 



Chapter IV 

 

99 
 

Synthesis and provision of monitoring and management tools. Mar. Pollut. Bull. 56, 
1618–1629. https://doi.org/10.1016/j.marpolbul.2008.05.020 

Hsieh, S.L., Chen, Y.N., Kuo, C.M., 2003. Physiological responses, desaturase activity, and fatty 
acid composition in milkfish (Chanos chanos) under cold acclimation. Aquaculture 
220, 903–918. https://doi.org/10.1016/S0044-8486(02)00579-3 

Jia, R., Liu, B.L., Feng, W.R., Han, C., Huang, B., Lei, J.L., 2016. Stress and immune responses in 
skin of turbot (Scophthalmus maximus) under different stocking densities. Fish 
Shellfish Immunol. 55, 131–139. https://doi.org/10.1016/j.fsi.2016.05.032 

Juliano, R.O., Rabanal, H.R., 1963. The tolerance of milkfish fingerlings and fry, Chanos 
chanos (Forskål), to decreases in salinity. Am. Soc. Ichthyol. Herpetol. 1963, 180–181. 

Li, X.F., Tian, H.Y., Zhang, D.D., Jiang, G.Z., Liu, W. Bin, 2014. Feeding frequency affects stress, 
innate immunity and disease resistance of juvenile blunt snout bream Megalobrama 
amblycephala. Fish Shellfish Immunol. 38, 80–87. 
https://doi.org/10.1016/j.fsi.2014.03.005 

Liu, Q., Hou, Z., Wen, H., Li, J., He, F., Wang, J., Guan, B., Wang, Q., 2016. Effect of stocking 
density on water quality and (growth, body composition and plasma cortisol content) 
performance of pen-reared rainbow trout (Oncorhynchus mykiss). J. Ocean Univ. China 
15, 667–675. https://doi.org/10.1007/s11802-016-2956-2 

López-Olmeda, J.F., Noble, C., Sánchez-Vázquez, F.J., 2012. Does feeding time affect fish 
welfare? Fish Physiol. Biochem. 38, 143–152. https://doi.org/10.1007/s10695-011-
9523-y 

Lupatsch, I., Santos, G.A., Schrama, J.W., Verreth, J.A.J., 2010. Effect of stocking density and 
feeding level on energy expenditure and stress responsiveness in European sea bass 
Dicentrarchus labrax. Aquaculture 298, 245–250. 
https://doi.org/10.1016/j.aquaculture.2009.11.007 

Marte, C.L., 2010. Milkfish aquaculture in the Philippines: An overview, in: Liao, I.C., Leano, 
E.M. (Eds.), Milkfish Aquaculture in Asia. pp. 33–59. 

Marte, C.L., 2003. Larviculture of marine species in Southeast Asia: Current research and 
industry prospects. Aquaculture 227, 293–304. https://doi.org/10.1016/S0044-
8486(03)00510-6 

Marte, C.L., Cruz, P., Flores, E.E.C., 2000. Recent developments in freshwater and marine cage 
aquaculture in the Philippines, in: Liao, I.C., Lin, C.K. (Eds.), Cage Aquaculture in Asia: 
Proceedings of the First International Symposium on Cage Aquaculture in Asia. Asian 
Fisheries Society, Manila and World Aquaculture Society-South Asian Chapter, 
Bangkok, pp. 83–96. 

Rivera, P.C., 1997. Hydrodynamics, sediment transport and light extinction off Cape Bolinao, 
Philippines. Dissertation. 244pp. 

Ruane, N.M., Carballo, E.C., Komen, J., 2002. Increased stocking density influences the acute 
physiological stress response of common carp Cyprinus carpio (L.). Aquac. Res. 33, 
777–784. https://doi.org/10.1046/j.1365-2109.2002.00717.x 

San Diego-McGlone, M.L., Azanza, R. V., Villanoy, C.L., Jacinto, G.S., 2008. Eutrophic waters, 
algal bloom and fish kill in fish farming areas in Bolinao, Pangasinan, Philippines. Mar. 
Pollut. Bull. 57, 295–301. https://doi.org/10.1016/j.marpolbul.2008.03.028 



Chapter IV 

 

100 
 

Schreck, C.B., Tort, L., 2016. The concept of stress in fish, in: Fish Physiology. Elsevier, pp. 1–
34. 

Skrzynska, A.K., Martos-Sitcha, J.A., Martínez-Rodríguez, G., Mancera, J.M., 2018. Unraveling 
vasotocinergic, isotocinergic and stress pathways after food deprivation and high 
stocking density in the gilthead sea bream. Comp. Biochem. Physiol. -Part A Mol. 
Integr. Physiol. 215, 35–44. https://doi.org/10.1016/j.cbpa.2017.10.012 

Slabbekoorn, H., Bouton, N., van Opzeeland, I., Coers, A., ten Cate, C., Popper, A.N., 2010. A 
noisy spring: The impact of globally rising underwater sound levels on fish. Trends 
Ecol. Evol. 25, 419–427. https://doi.org/10.1016/j.tree.2010.04.005 

Smith, M.E., Kane, A.S., Popper, A.N., 2004. Noise-induced stress response and hearing loss in 
goldfish (Carassius auratus). J. Exp. Biol. 207, 427–435. 
https://doi.org/10.1242/jeb.00755 

Sneddon, L.U., Wolfenden, D.C.C., Thomson, J.S., 2016. Stress management and welfare. Fish 
Physiol. 35, 463–539. https://doi.org/10.1016/B978-0-12-802728-8.00012-6 

Sumagaysay-Chavoso, N.S., San Diego-McGlone, M.L., 2003. Water quality and holding 
capacity of intensive and semi-intensive milkfish (Chanos chanos) ponds. Aquaculture 
219, 413–429. https://doi.org/10.1016/S0044-8486(02)00576-8 

Tanaka, Y., Go, G.A., Watanabe, A., Miyajima, T., Nakaoka, M., Uy, W.H., Nadaoka, K., 
Watanabe, S., Fortes, M.D., 2014. 17-year change in species composition of mixed 
seagrass beds around Santiago Island, Bolinao, the northwestern Philippines. Mar. 
Pollut. Bull. 88, 81–85. https://doi.org/10.1016/j.marpolbul.2014.09.024 

Villaluz, A.C., Unggui, A., 1983. Effects of temperature on behavior, growth, development and 
survival in young milkfish, Chanos chanos (Forskal). Aquaculture 35, 321–330. 
https://doi.org/10.1016/0044-8486(83)90104-7 

Wei, C.A., Lin, T.H., Chen, R.D., Tseng, Y.C., Shao, Y.T., 2017. The effects of continuously 
acoustical stress on cortisol in milkfish (Chanos chanos). Gen. Comp. Endocrinol. 257, 
227–234. https://doi.org/10.1016/j.ygcen.2017.07.018 

Wendelaar Bonga, S.E., 1997. The stress response in fish. Physiol. Rev. 77, 591–625. 
https://doi.org/10.1152/physrev.1997.77.3.591 

Yarahmadi, P., Miandare, H.K., Fayaz, S., Caipang, C.M.A., 2016. Increased stocking density 
causes changes in expression of selected stress- and immune-related genes, humoral 
innate immune parameters and stress responses of rainbow trout (Oncorhynchus 
mykiss). Fish Shellfish Immunol. 48, 43–53. https://doi.org/10.1016/j.fsi.2015.11.00 

Supplementary Material 

Table S1. Sampling schedule of the sampling campaign in May/June 2017, Bolinao 
(Philippines) 

 

 
Weekly measurements 43h-monitoring Fish sampling 

Site Week 1 Week 2 Week 3 Week 4 Week 1/ 2 Week 3/ 4 I II 

F1 11.05. 18.05. 26.05. 02.06. 10.-12.05. 25.-27.05. 12.05. 27.05. 

F2 13.05. 20.05. 28.05. 04.06. 19.-21.05. 03.-05.06. 21.05. 05.06. 

F3 11.05. 18.05. 26.05. 02.06. 17.-19.05. 01.-03.06. 19.05. 03.06. 

F4 13.05. 20.05. 28.05. 04.06. 12.-14.05. 27.-29.05. 14.05. 29.05. 
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General Discussion 

In the framework of this thesis, we aimed to contribute to fish welfare in tropical 

aquaculture by identifying and quantifying potential environmental and management 

related stressors in milkfish aquaculture. Since milkfish is an important aquaculture fish 

species for several (sub-) tropical countries (de Jesus-Ayson et al., 2010), it represents an 

ideal model (species) to assess current challenges in tropical aquaculture. In order to 

successfully achieve our aims, the thesis was divided into two main parts: (i) to assess the 

stress-physiological response of juvenile milkfish when exposed to thermal and/or hypoxic 

stress under controlled laboratory conditions (Chapter II and III); and (ii) to quantify the 

chronic stress response of milkfish cultured in commercial marine cage systems, hereby 

intending to identify prevailing stressors (Chapter IV). The outcomes of this thesis 

contribute to the foundational understanding and identification of prevailing stressors in 

milkfish mariculture as well as the physiological consequences for cultured milkfish. 

1. Quantification of stress in aquaculture 

1.1 Research tools in stress physiology  

In this thesis, we used a variety of tools to examine the stress-physiological response of 

juvenile milkfish. But why do we measure stress in cultured fish? By quantifying the stress 

response and associated consequences for cultured fish, fish welfare, health and 

performance can be evaluated under the prevailing culture conditions (Sopinka et al., 2016). 

We applied a multiple method approach by using scale cortisol, different (enzymatic) 

biomarkers and respiratory measurements to quantify the reactions of juvenile milkfish 

related to primary, secondary or tertiary stress response when exposed to changing 

environmental conditions (Chapter II + III). Furthermore, the use of (enzymatic) 

biomarkers and respiratory measurements enabled an assessment of metabolic changes 

from cellular to whole-body level (Chapter III). Prospective studies on milkfish should 

include the determination of the aerobic scope and how it is affected by the potential 
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stressors discussed in this thesis, to assess more precisely the metabolic costs (allostatic 

load) for milkfish when coping with stressful stimuli. 

From an aquaculture perspective, it is essential to assess (chronic) stress or stress 

responsiveness and to identify potential stressors for cultured fish in order to improve fish 

welfare and consequently production success. For rainbow trout (Oncorhynchus mykiss) and 

Atlantic salmon (Salmon salar), for instance, it has been proposed that selective breeding or 

the selection of fish in terms of their stress responsiveness (low or high post-stress cortisol 

levels) could improve fish performance under certain aquaculture conditions (Fevolden et 

al., 2003, 1991; Trenzado et al., 2006). Thereby, it has been reported for Atlantic salmon 

that fish of the high-stress response line showed poorer performance and higher mortality 

rates when challenged with different bacterial pathogens compared to fish of the low-stress 

line (Fevolden et al., 1993). Furthermore, it has been observed that the selection of rainbow 

trout with low-stress responsiveness can lead to an improved FCR and even reduced feed 

waste in rearing units (Øverli et al., 2006), suggesting potential benefits for more 

sustainable production.  

From an applied perspective, the question should be: how can we monitor stress in cultured 

fish on a low-invasive long-term basis? It has been shown that sampling of fish scales and 

analysing scale cortisol is a comparatively low-invasive method to quantify chronic stress in 

fish (Aerts et al., 2015). In this thesis, we could prove that the analysis of scale cortisol 

(ontogenetic and regenerated) is also for milkfish an effective tool to quantify chronic stress 

under laboratory conditions (Chapter II) and probably even more important within a 

commercial aquaculture setting (Chapter VI). Analysing levels of water glucocorticoids is 

another minimally invasive method to evaluate the stress response of cultured fish (Ellis et 

al., 2004; Takahara et al., 2011) or, as used in this thesis, to monitor possible contamination 

or accumulation of glucocorticoids in culture tanks (Chapter II). This is particularly 

relevant for closed culture systems with limited water renewal, such as recirculation 
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systems, in which glucocorticoids can accumulate significantly in tank water (Mota et al., 

2017, 2014).  

1.2 Laboratory vs field experiments – Simulated vs existing stressors 

This thesis combines the outcomes of laboratory experiments (Chapter II + III) and 

fieldwork (Chapter IV) to identify and quantify potential stressors in milkfish aquaculture. 

In general, both approaches have advantages and disadvantages in terms of reproducibility, 

controllability, realistic reference and relevance. While an experiment under laboratory 

conditions enables the control of culture conditions and allows manipulating individual 

parameters, hereby ensuring reproducibility, a field experiment allows the examination of 

the response of cultured fish under natural conditions. Conversely, laboratory experiments 

can only simulate potential stressors and therefore might not meet realistic and ecologically 

relevant conditions, whereas field conditions will make it difficult to interpret the response 

of cultured fish without a proper control treatment and therefore to distinguish between 

different potentials stressors. Depending on the aim and purpose of each study, it should be 

considered carefully which approach is appropriate.  

Combining both approaches in this thesis, however, allowed a more detailed interpretation 

of chronic stress response in milkfish (Chapter II + IV). The comparison of scale cortisol 

levels between the laboratory experiment (Chapter II), where milkfish were exposed to a 

single potential stressor, and field sampling, revealed considerably higher scale cortisol 

levels for milkfish cultured in commercial mariculture systems (Chapter IV). Thereby, 

indicating that under mariculture conditions juvenile milkfish are most likely exposed not 

only to a single but to a variety of chronically stressful stimuli over time.  

2. Pinpointing potential stressors for milkfish 

Milkfish, as euryhaline species, can be cultured in fresh as well as marine environments 

(Bagarinao, 1991). Current culture practices comprise a variety of different culture systems, 

including ponds, pens and cages (de Jesus-Ayson et al., 2010). Although probably most of 
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the potential stressors for milkfish are similarly relevant for all types of culture 

systems/environments, the following discussion of potential stressors is based on 

mariculture conditions. 

2.1 Thermal stress  

Temperature is one of the key environmental parameters affecting biochemical and 

physiological processes in ectotherm organisms, such as fish (Schulte, 2011). For milkfish, it 

has been reported that exposure to cold temperatures causes an acute stress response 

(Hsieh et al., 2003; Kuo and Hsieh, 2006). In this thesis, we could demonstrate that also an 

increase in water temperature can have a significant effect on milkfish. Thereby, we 

answered the following research questions: Does increasing water temperature constitute a 

chronic stressor for juvenile milkfish? And what are the metabolic consequences for juvenile 

milkfish when exposed to higher water temperature? The outcomes of this thesis showed 

that even a comparatively mild increase in water temperature led to a significant chronic 

stress response (Chapter II). Furthermore, results of the oxidative stress-related 

biomarkers (e.g. superoxide dismutase; Chapter III) supported the findings on chronic 

stress. Higher water temperature also significantly affected the metabolism of juvenile 

milkfish, demonstrated by enhanced metabolic rates and indications of reduced energy 

resources (Chapter III). Additionally, we could demonstrate that milkfish might be more 

susceptible to further stressors such as decreasing dissolved oxygen (DO) concentrations 

under the applied thermal stress (Chapter III). This is particularly relevant considering that 

under commercial aquaculture conditions fish are usually not only exposed to a single but to 

a variety of potentially stressful stimuli.  

Based on our results and considering anthropogenic induced climate change and warming, 

increasing water temperatures should be considered as a future challenge for cultured 

milkfish. Nonetheless, it still remains to be seen, which temperature range might lead to 

significant adverse effects for milkfish over long term periods (e.g. diminished growth), or 
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conversely, up to which temperature milkfish can habituate to. Results of this thesis 

suggested that milkfish might have habituated to the applied temperature treatment after 

three weeks at constant 33°C. However, further analyses would have been necessary to 

clearly pinpoint a thermal habituation process. 

From a future perspective, further studies are necessary with a focus on improving culture 

conditions in the light of climate change and warming. Studies on long-term consequences 

of increasing temperatures on fish welfare, growth and consequently production success as 

well as approaches to counteract these potential stressors are needed. For instance, recent 

studies on milkfish are model examples of how to counteract potential stressors, such as 

hypothermal stress, which can be experienced by milkfish during cold snaps. Thereby, it has 

been shown that culturing milkfish in seawater makes them more tolerant to cold 

temperatures than milkfish cultured in freshwater (Chang et al., 2018; Hu et al., 2015; Kang 

et al., 2015).  

2.2 Hypoxia 

Dissolved oxygen (DO) is another fundamental water parameter, which affects the 

biochemical and physiological processes in fish. Categorized as a limiting factor for fish 

metabolism (Fry, 1971), suboptimal DO can substantially impair the growth performance of 

cultured fish. Considering the current challenges of low DO concentrations and the possible 

link to the reported fish kill events in milkfish aquaculture (Escobar et al., 2013; San Diego-

McGlone et al., 2008), we examined the following research questions: How tolerant are 

juvenile milkfish to hypoxic conditions? And how is the critical oxygen saturation (Scrit) for 

juvenile milkfish affected by higher water temperature? The results of Chapter III indicate 

that juvenile milkfish seem to be comparatively tolerant to hypoxic conditions. However, we 

could also demonstrate that an increase of 7°C had a significant effect on Scrit, as milkfish 

from the high-temperature treatment exhibited a more than twice as high Scrit. This is 

particularly relevant considering anthropogenically induced climate change and warming, 
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as well as current culture practices, indicating that hypoxia will most likely become even 

more of a problem in milkfish mariculture in the future. 

The Philippine Department of Environment and Natural Resources (DENR) characterized 

different water classes in coastal and marine areas and the corresponding water quality 

criteria: spawning areas for “bangus” (milkfish) and waters for commercial and sustenance 

fishing were classified as fishery water class I and II, respectively. Thereby, for both water 

classes the minimum DO was set at 5 mg L-1 (DENR, 1990). Across the different 

environments/culture systems used for milkfish aquaculture, however, observations of DO 

levels below 5 mg L-1 are common (San Diego-McGlone et al., 2008; Sumagaysay-Chavoso 

and San Diego-McGlone, 2003; Verceles et al., 2000). The outcomes of Chapter III suggest 

that juvenile milkfish can tolerate DO levels below 5 mg L-1. Nevertheless, it is well-known 

that the long-term exposure to even less severe (intermediate) hypoxic conditions can 

impair feed intake and fish growth for several aquaculture species (Pichavant et al., 2000; 

Remen et al., 2012; Thetmeyer et al., 1999). Accordingly, for future studies, the next step 

should be to investigate the consequences (stress response, feed intake and growth) of long-

term exposure to hypoxic conditions (constant and oscillated) for cultured milkfish.  

2.3 Management related stressors 

Current intensification of management practices, including stocking density, handling 

procedures or feeding strategies, are considered as potentially severe threats to fish welfare 

and sustainable productions (Ashley, 2007). Thus, in our field study (Chapter IV) we aimed 

to identify prevailing management related stressors for milkfish under commercial 

mariculture conditions. The outcomes indicate that stocking density should be considered 

as a potentially severe stressor for milkfish in marine cage systems, as chronic stress levels 

(OG scale cortisol) were highest in the cage system, where the highest stocking density was 

observed. High stocking densities are known to have detrimental effects on fish 

performance and growth for many cultured fish species (Calabrese et al., 2017; Ruane et al., 
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2002; Yarahmadi et al., 2016). In combination with suboptimal environmental conditions, 

the adverse effects of high stocking densities can even be aggravated, as shown for Atlantic 

salmon cultured in marine cages (Oppedal et al., 2011). Suboptimal environmental 

conditions caused crowding of Atlantic salmon, hereby limiting vertical space in the cage 

even more (Oppedal et al., 2011). This is a relevant finding also for milkfish mariculture 

systems. In Bolinao, for instance, stratification of the water column could be observed 

within highly used mariculture areas (Escobar et al., 2013; San Diego-McGlone et al., 2008). 

Accordingly, the location of culture systems should be an important consideration when 

implementing a mariculture park. In this context, high chronic stress levels in milkfish 

(Chapter IV), which were cultured closely to harbour and ferry activities, might indicate 

stressful stimuli due to anthropogenic activities (e.g. noise pollution). However, since we did 

not include necessary measurements to quantify anthropogenic activities, this assumption 

remains speculative and allows future research potential quantifying additional stressors 

for milkfish aquaculture. 

3. Tropical aquaculture: future perspectives within a demanding society 

Asian countries, involving several (sub-) tropical countries, are dominating the list of top 

producers in aquaculture production. Thereby, the highest production yields in finfish 

aquaculture are reported for lower-trophic fish species, such as silver carp, grass carp or 

Nile tilapia (FAO, 2019). Within the top ten list of producers, only one European country, 

Norway (2017: 1.3 million tonnes), is listed (FAO, 2019). Particularly in developed 

countries, the demand and production of species with higher trophic level and consequently 

higher market value have become of importance in the last years (Campbell and Pauly, 

2013; Stergiou et al., 2008; Tacon et al., 2010). This development of “farming up the food 

web” is concerning (Campbell and Pauly, 2013; Stergiou et al., 2008). Species from higher 

trophic levels rely predominantly on protein-rich feed for profitable growth. Therefore, 

species from lower trophic levels are partly used to produce higher trophic level species, 

instead of being consumed by humans, directly. Accordingly, the farming of lower trophic 
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species is believed to be more environmentally sustainable (Tacon et al., 2010; Tsikliras et 

al., 2014). For Mediterranean mariculture, for instance, it has been proposed to counteract 

the trend of “farming up the food web” by shifting current mariculture of seabass 

(Dicentrarchus labrax) or seabream (Sparus aurata) to lower-tropic fish species such as grey 

mullets (family Mugilidae) or sharp-snout seabream (Diplodus puntazzo) (Tsikliras et al., 

2014). 

For the tropics, milkfish, as herbivore/detrivore species, is an ideal species in the context of 

“farming down the food web”, thus focusing on farming (fish) species of a lower trophic 

level. Traditionally, milkfish are fed primarily with natural food resources in extensive pond 

systems (de Jesus-Ayson et al., 2010). However, the intensification of culture practices 

enhanced, among other aspects, the use of fertilizers as well as the use of supplementary 

feeding. Accordingly, associated negative consequences, such as environmental pollution 

and fish kill events, could be observed within the last years (David et al., 2009; Escobar et al., 

2013; San Diego-McGlone et al., 2008), thereby considerably threatening the sustainability 

and fish welfare.  

In this context, research projects such as ACUTE (AquaCUlture practice in Tropical coastal 

Ecosystems) are important and necessary to examine the consequences of intensive culture 

practises of low-trophic species for the surrounding ecosystem, human health and fish 

welfare. Thus, Bolinao, belonging to the most productive region for milkfish mariculture in 

the Philippines (BFAR, 2016), is an ideal study area for assessing effects and consequences 

(e.g. environmental pollution and economic losses due to fish kill events) of current culture 

practises on the environment, cultured milkfish and for the local community. Within the 

framework of ACUTE, we could demonstrate that the environment was influenced by 

current aquaculture practices. This was demonstrated, among others, by elevated 

concentrations of inorganic nutrients and particulate organic matter loading of mariculture 

sites compared to sample sites, which were less impacted by aquaculture practices. 
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Thereby, analyses of carbon-nitrogen ratios suggested that particles originated primarily 

from fish feed (ACUTE; work package “biochemistry”). Furthermore, within this thesis, as 

part of the work package “fish physiology”, we could report that milkfish experienced to a 

certain extent stressful conditions in commercial mariculture systems. In this context, 

measured OG cortisol levels exhibited, that different aspects of typically applied 

management strategies (e.g. stocking density) might have an effect on the stress level of 

cultured milkfish and therefore should be considered as potentially severe stressors in 

milkfish mariculture. Thereby, it becomes apparent that all these aspects are interlinked. 

The culture practices themselves, which can negatively influence the environment (through 

e.g. high stocking density and intensive feeding), represent a potential stressor for cultured 

milkfish. Moreover, these practices consequently might lead to additional potentially severe 

stressors for cultured milkfish due to decreasing water quality conditions, including low DO 

levels.  

The question remains: how to improve fish welfare and sustainability in milkfish 

mariculture within a realistic framework for the local community? It is of utmost 

importance that future studies will continue to investigate how to optimize current culture 

practices, from a sustainable as well as from a welfare perspective. In this context, multi-

trophic approaches, as well as sustainable food sources and feeding strategies should be 

tested within a realistic and economically viable framework. Consequently, to end up with 

the aim to combine more sustainable and good welfare practices together with profitable 

production and financial benefits for the local community.  

4. Conclusion  

In this thesis, we used milkfish as model species to assess current challenges for cultured 

fish in tropical aquaculture. Thereby, we aimed to contribute to fish welfare by identifying 

and quantifying potential stressors in milkfish mariculture. Due to laboratory experiments 

and a multiple method approach we could investigate the chronic stress response and 
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metabolic implications for juvenile milkfish under thermal stress (Chapter II+III). 

Furthermore, we could determine the critical oxygen saturation, as an indicator for the 

hypoxia tolerance, of juvenile milkfish at different water temperatures. Based on our results 

and considering anthropogenic induced climate change and warming as well as the strong 

temperature dependence of oxygen solubility, increasing water temperatures and hypoxic 

conditions should be considered as a future challenge for cultured milkfish. As part of the 

project ACUTE, we could quantify chronic stress levels (OG scale cortisol) of milkfish 

cultured in commercial mariculture systems for the first time (Chapter IV). Thereby, we 

could report that milkfish experienced stressful conditions in commercial cage systems, 

demonstrated by the quantitative differences to the OG cortisol levels observed in our 

laboratory study (Chapter II) and by the significant increase in OG cortisol between 

samplings. The outcomes of this thesis contribute to the foundational understanding and 

identification of prevailing stressors in milkfish mariculture. By aiming to pinpoint potential 

chronic stressors for milkfish, including changes in environmental conditions (e.g. increase 

in water temperature) as well as different aspects of typically applied management 

strategies (e.g. stocking density), the results and applied methods of this thesis can be used 

as an approach to optimize current culture conditions and consequently improving fish 

welfare as well as sustainability in milkfish as well as in other (tropical) mariculture. 
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Appendix 

(I) Free-living and particle-associated bacterioplankton communities in an intensive open-

cage finfish aquaculture area 

Christiane Hassenrück, Jennifer Bachmann, Inken Hanke, Chyrene Moncada, Morten Iversen, 

Cecilia Conaco, Hans-Peter Grossart, Astrid Gärdes 

Aquaculture is gaining importance for food security worldwide. Intensive aquaculture 
practices, however, often prioritize production over ecological and health concerns. To 
assess both ecological and health-related impacts of intensive open-cage finfish aquaculture 
we studied water quality, organic matter (OM) loading, and bacterioplankton communities 
in Bolinao, northwestern Philippines. We investigated separately the free-living (FL) and 
particle-attached (PA) bacterial communities to account for different bacterial lifestyles and 
focused on potentially pathogenic bacteria using full-length 16S amplicon sequencing. 
Intensive aquaculture led to reduced pH (7.8) and oxygen concentrations close to hypoxia, 
but elevated concentrations of inorganic nutrients two to five times. Tidal currents moved 
water with increased particulate OM (POM) loading from the interior of the fish cage area to 
otherwise less affected areas. Carbon to nitrogen ratios of POM suggested that it derived 
primarily from fish feed and feces (C:N ratio 8). Both FL and PA bacterial communities were 
dominated by phototrophic, heterotrophic, and sulfur oxidizing bacteria. PA communities 
also comprised gut bacteria from the cultured milkfish, e.g. Dielma, Cetobacterium, and 
Romboutsia species. Based on phylogenetic placement, we detected 31 species of potentially 
pathogenic bacteria with representatives of the genera Vibrio (mainly V. campbellii and V. 
harveyi) and Acinetobacter (mainly A. junii and A. baumannii) consistently comprising higher 
proportions in the PA (<= 6%) relative to the FL fraction (<= 1%). The detected Vibrio 
species are opportunistic invertebrate and fish pathogens and may pose a risk to the 
cultured fish, but also to local marine life. The retrieved Acinetobacter species are known 
nosocomial pathogens, often carrying antimicrobial resistance genes, and may thus be of 
human health concern. Our study provides a holistic assessment of the effects of intensive 
open-cage aquaculture, identifying potential indicators for detrimental impacts on animal 
and human health to promote more sustainable management strategies of this rapidly 
growing industry. 

 

Keywords: tropical marine aquaculture, sustainability, water quality, particle-attached, 
pathogenic bacteria, full-length 16S sequencing, Philippines 
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(II) Structure of milkfish gut microbial communities in open-cage mariculture 

Christiane Hassenrück, Inken Hanke, Hannes Reinwald, Yustian Alfiansah, Stefan Effkemann, 

Andreas Kunzmann, Hans-Peter Grossart, Johan Aerts, Astrid Gärdes 

With the decline in capture fisheries, the global economic importance of aquacultures is 
increasing rapidly. Gut-associated microbial communities are crucial for the optimization of 
the nutritional requirements and overall performance of the cultured fish and are as a 
consequence highly relevant for aquaculture management. Here, we investigated gut 
microbial communities of milkfish (Chanos chanos) from intensive open cage aquaculture in 
the Guiguiwanen channel (Bolinao, Philippines) via 16S rRNA gene sequencing. Juvenile fish 
were collected twice from four cages with an intermediate time interval of 15 days, to 
document differences in gut microbial communities between management strategies and 
cage location along the channel, as well as short-term temporal changes. Overall, gut 
microbial communities were dominated by bacteria of the taxonomic classes 
Erysipelotrichia (57% of total sequences), Gammaproteobacteria (13%), Bacilli (9%), 
Fusobacteriia (7%), Clostridia (6%) and Actinobacteria (4%), yet their composition differed 
strongly both within and between fish cages and over time. The highest community 
heterogeneity was observed at the cage exposed to the highest rate of disturbance due to 
boat traffic and changes in feeding strategy. The other cages either exhibited a stable 
community comprised almost entirely of sequences assigned to the genus Dielma (least 
disturbed cage) or displayed a community shift over time towards such a community. 
Prediction of metabolic functions suggested an increased potential for milkfish essential 
amino acid biosynthesis in Dielma-dominated gut microbial communities. Furthermore, the 
community change over time per cage correlated with the increase in chronic stress as 
quantified by ontogenetic scale cortisol, the dominant glucocorticoid in teleost fish. In 
particular, a positive association between the proportion of Vibrio sequences, a potential 
opportunistic pathogen, and scale cortisol levels at the high-disturbance cage were 
observed. Our study provides insights into the complexity of interactions between gut 
microbial community composition, chronic stress, and management strategies, whose 
understanding is pivotal for more sustainable aquaculture practices.  

 

Keywords: tropical coastal aquaculture, fish farms, gut bacteria, amplicon sequencing, 
glucocorticoids
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