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Summary  

Anja Reckendorf (2021)  

Using minimally invasive diagnostic methods for harbour porpoise 

(Phocoena phocoena) health status monitoring: blow sample analysis for 

stress level monitoring and serological detection of lungworm infections 

Like other aquatic organisms, harbour porpoises (Phocoena phocoena) are 

continuously exposed to anthropogenic and natural stressors, which can 

negatively affect their immune system and overall health. Since health monitoring 

of free-ranging harbour porpoises is mainly limited to post-mortem examinations, 

this study tested different diagnostic techniques as novel monitoring tools for live 

harbour porpoises. Previous investigations showed that lungworm infection is the 

most frequent and usually health relevant parasitosis of harbour porpoises in 

German waters. Hence, a retrospective data analysis of animals stranded between 

2006 – 2018 on the North Sea coast of the German federal state Schleswig-

Holstein was conducted, revealing an overall lungworm prevalence of 45.6% 

(118/259), of which 85.6% were coinfections of bronchi and pulmonary blood 

vessels. A mild infection level in 22.9% was most common in immature 

individuals (74.1%), while moderate (38.1%) and severe (39.0%) infection levels 

were similar among immatures (51.1% and 54.3%) and adults (48.9% and 43.4%). 

To diagnose lungworm exposure of live porpoises, an enzyme-linked 

immunosorbent assay (ELISA) and immunoblot using recombinant bovine 

lungworm major sperm protein (MSP) were evaluated as potential diagnostic 

tools utilising archived whole blood and serum/plasma samples. However, 

contrary to our expectations, both serodiagnostic tests proved unsuitable for 

reliable detection of antibodies against lungworm MSP.  

A different option to monitor individual health and well-being is the surveillance 

of steroid hormone levels. To establish exhaled breath (blow) as innovative matrix 

for cortisol measurements in harbour porpoises, three different collection methods 
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were tested and samples analysed via ELISA. It could be demonstrated that 

harbour porpoise exhales collected with all three methods contain a sufficient 

amount of organic material for immunoassay detection of cortisol, and that a 

sterile 50 mL polypropylene centrifuge tube is the best suited collection device 

for future studies. The findings of the present studies form a solid basis for further 

research. Future studies following the work presented in this thesis should trial 

other diagnostic antigens than MSP to develop serological tests for lungworm 

infection screening, while blow sample analysis can be further developed with 

improved sample dilutions, immunoassay validations, the analysis of additional 

analytes, the establishment of internal controls and physiological validations to 

serve as a viable non-invasive health monitoring tool.  
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Zusammenfassung  

Anja Reckendorf (2021)  

Methoden der minimalinvasiven Diagnostik zum Gesundheitsmonitoring bei 

Schweinswalen (Phocoena phocoena): Blasanalysen zum Stresslevel-

Monitoring und serologische Detektion von Lungenwurminfektionen 

Wie andere aquatische Organismen sind Schweinswale (Phocoena phocoena) 

ständig anthropogenen und natürlichen Stressfaktoren ausgesetzt, die sich negativ 

auf ihr Immunsystem und die allgemeine Gesundheit auswirken können. Da sich 

die Gesundheitsüberwachung von freilebenden Schweinswalen hauptsächlich auf 

Obduktionen von Totfunden beschränkt, wurden in dieser Studie verschiedene 

Diagnosetechniken als neuartige Instrumente zur Überwachung des 

Gesundheitszustands von Schweinswalen getestet. Studien zeigen, dass 

Lungenwurmbefall die häufigste und meist schwerste parasitäre Infektion von 

Schweinswalen in deutschen Gewässern ist. Daher wurde eine retrospektive 

Datenanalyse von Tieren durchgeführt, die zwischen 2006 und 2018 an der 

schleswig-holsteinischen Nordseeküste gestrandet sind. Diese ergab eine 

Lungenwurm-Gesamtprävalenz von 45,6% (118/259). Davon waren 85,6 % 

Koinfektionen von Bronchien und pulmonalen Blutgefäßen. Eine leichte 

Infektion wurde bei 22,9 % der Fälle und am häufigsten bei Jungtieren (74,1 %) 

festgestellt, während mittelschwere (38,1 %) und schwere Infektionen (39,0 %) 

bei Jungtieren (51,1 % und 54,3 %) und Adulten (48,9 % und 43,4%) ein ähnliches 

Verteilungsmuster aufwiesen. Um den Lungenwurminfektionsstatus von 

lebenden Schweinswalen mit Sicherheit zu bewerten, wurden ein 

enzymgebundener Immunosorbens-Assay (ELISA) und Immunoblot unter 

Verwendung des rekombinanten Rinderlungenwurm-Hauptspermienproteins 

(MSP) an archivierten Vollblut- und Serum-/Plasmaproben als Diagnostikum 

getestet. Entgegen unseren Erwartungen erwiesen sich beide MSP-Tests für die 
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Erkennung von Lungenwurminfektionen als ungeeignet und weitere Studien sind 

für den serologischen Nachweis von Lungenwurminfektionen erforderlich.  

Eine andere Möglichkeit die Gesundheit und das Wohlbefinden einzelner Tiere 

zu überwachen, ist der Nachweis von Steroidhormonen. Um ausgestoßenen Atem 

(Blas) als innovative Matrix für den Kortisol Nachweis bei Schweinswalen zu 

etablieren, wurden drei verschiedene Auffangmethoden getestet und die Proben 

mittels ELISA analysiert. Es konnte gezeigt werden, dass Proben aller drei 

Auffangmethoden genügend organisches Material für den Immunoassay 

Nachweis von Kortisol enthalten und dass sterile 50 ml Polypropylen 

Zentrifugenröhrchen die am besten geeignetsten Auffanggefäße für zukünftige 

Studien sind. Die hier präsentierten Ergebnisse bilden eine solide Grundlage für 

die Weiterentwicklung von Blas als Medium für endokrinologische Studien. In 

Anlehnung an die in dieser Dissertation vorgestellten Arbeiten sollten zukünftige 

Studien andere diagnostische Antigene als MSP nutzen, um serologische Tests 

für ein Screening auf Lungenwurminfektionen zu entwickeln, während die 

Blasprobenanalyse durch verbesserte Probenverdünnungen, Immunoassay-

Validierungen, den Nachweis zusätzlicher Analyte und der Etablierung von 

internen Kontrollen zu einer praktisch anwendbaren, nicht-invasiven 

physiologischen und endokrinologischen Bewertungstechnik weiterentwickelt 

werden kann. 
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Introduction 

1.1. Background information on the study species harbour porpoise 

The harbour porpoise (Phocoena phocoena; Cetacea, Odontoceti, Family: 

Phocoenidae) is widely distributed throughout the relatively cold waters of the 

northern oceans’ temperate zones. It is one of the world’s smallest odontocetes, 

males being generally smaller than females (Bjørge & Tolley, 2018; P.S. 

Hammond et al., 2002; Philip S Hammond et al., 2013), and is the only cetacean 

species currently considered native to the German waters of the North and Baltic 

Seas (Gilles et al., 2016; ICES, 2020; Siebert, Gilles, et al., 2006; Viquerat et al., 

2014). Female porpoises gestate approximately 10.5 months, calve annually and 

nurse their single offspring for eight to ten months, while calves already start 

complementary feeding on fish with a few months of age (Bjørge & Tolley, 2018; 

Camphuysen & Krop, 2011; Maarten F. Leopold, 2015). Harbour porpoises are 

opportunistic feeders, preying on small schooling fish (in the North and Baltic 

Seas for example gobies [mostly Pomatoschistus minutus], gadoids [mostly 

Merlangius merlangus], clupeids [Clupea harengus, Sprattus sprattus], sandeels 

[Ammodytes marinus, A. tobianus, Hyperoplus lanceolatus]), cephalopods and 

invertebrates (Andreasen et al., 2017; Maarten F. Leopold, 2015; Lockyer & 

Kinze, 2003). Due to their usually iconic nature, top predators are often 

considered sentinel or flagship species, which are linked to ecosystem 

preservation, resource facilitation and biodiversity maintenance (e.g. Sergio et al., 

2008). Being a top marine predator in the North and Baltic Seas, harbour 

porpoises are considered an important indicator and key species (e.g. Gilles et al., 

2016; IJsseldijk et al., 2018). Therefore, they have a high conservation status in 

the European Union (EU) and are listed under several conventions and in 

numerous national and international conservation agreements, like the EU 

Habitats and Marine Strategy Framework Directives, the Oslo and Paris 

Convention (OSPAR), the Helsinki Convention (HELCOM) and the Agreement 

on the Conservation of Small Cetaceans of the Baltic, North East Atlantic, Irish 
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and North Seas (ASCOBANS) of the United Nations Environment Programme 

(UNEP)’s Convention on Migratory Species (CMS; Evans, 2020; IJsseldijk et al., 

2018; Nachtsheim et al., 2021). 

Harbour porpoises can live over 26 years, but only a minority survive beyond 12 

years of age (Bjørge & Tolley, 2018; Kesselring et al., 2017; Siebert, Tolley, et 

al., 2006). Age at sexual maturity ranges between three to five years in female 

harbour porpoises (Benke et al., 1998; Kesselring et al., 2017; Lockyer, 2001; 

Lockyer & Kinze, 2003). Over the past 20 years, their average age at death was 

determined to be 5.70 years along the Schleswig-Holstein (S-H) North Sea coast 

and 3.67 years along the S-H Baltic Sea coast, indicating that only ~55% of North 

Sea and ~27% of Baltic Sea females participated in reproduction (Kesselring et 

al., 2017). Furthermore, the overall harbour porpoise abundance in the German 

North Sea Exclusive Economic Zone decreased by 1.79% per year between 2002-

2019 (Nachtsheim et al., 2021) and the annual strandings incidence has increased 

throughout the eastern North Sea over the past decades (IJsseldijk et al., 2020). 

Thus, harbour porpoises are considered critically endangered by the red list of 

mammals in Germany (Meinig et al., 2020), although their global population 

status is categorised as ‘least concern’ (Braulik et al., 2020). Additionally, the two 

Baltic Sea subpopulations are listed as vulnerable (Kattegat-Belt-Sea-Western 

Baltic subpopulation, assessed as threatened) and critically endangered (Baltic 

Proper subpopulation, with an estimate of ~500 animals) by the Baltic Marine 

Environment Protection Commission (HELCOM, 2013, 2018). Due to these 

alarming population trends, research, protection and surveillance of harbour 

porpoises are gaining in importance (Carlén et al., 2021).  

 

1.2. Stressors affecting harbour porpoises   

A stressor is an external or intrinsic, abiotic or biotic factor that physically, 

biologically or chemically alters the normal functioning of a biological system, 

while stress is the intrinsic response to this stressor (Van Straalen, 2003). The 
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impact of the stressor depends on its duration and intensity as well as the 

properties and response of the receiving biological system (Segner et al., 2014). 

Though not all stresses are generally negative, it is well established that stress has 

implications for animal welfare and well-being, and that animals suffering from 

stress develop glucocorticoid-induced pathologies similar to humans (Moberg, 

1985; Moberg & Mench, 2000). These are linked to the occurrence of a noxious 

stimulus in the absence of a recovery phase (Sapolsky et al., 2000). However, due 

to the diversity in biological responses to the various stressors, an assessment of 

their individual and/or combined effects remains difficult (Ladewig, 2000; Segner 

et al., 2014). For animal welfare considerations, one challenge is to determine 

when stress turns into distress, to distinguish between non-threatening stress and 

distress and to ultimately develop clinical measures for both (Moberg, 2000). 

Additionally, another problem is the inter-individual variation in stress responses 

to the same stressor (Moberg, 1985). 

Marine mammal health is influenced by direct and indirect natural and 

anthropogenic stressors within their habitat (Simmonds, 2018). These can cause 

acute and chronic stress, which contributes to impaired well-being and population 

decline (Atkinson & Dierauf, 2018; Moberg & Mench, 2000; National Academies 

of Sciences, Engineering, and Medicine, 2017). Detailed knowledge of these 

stressors plays a central role in understanding their effect on animal health and 

impact on marine ecosystems (Sonne et al., 2020). Additionally, most studies on 

stress physiology rely on laboratory research, while a better understanding of 

stressors and associated responses in more natural scenarios could provide 

important insights into a larger physiological context (Sapolsky et al., 2000). 

 

1.2.1. Extrinsic stressors  

Harbour porpoises are exposed to a variety of cumulative extrinsic stressors. They 

are vulnerable to the effects of anthropogenic activities causing e.g. noise 

pollution (Lucke et al., 2009, 2020; Parsons, 2017; Wisniewska et al., 2018; 
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Wright, Hatch, et al., 2007; Wright, Soto, et al., 2007), eutrophication, habitat 

degradation (Halpern et al., 2008; Jackson et al., 2001; Reijnders, 1992), chemical 

pollution (Desforges et al., 2016; Jepson et al., 2016; Jepson & Law, 2016; Weijs 

et al., 2010; Williams et al., 2020), as well as food depletion and climate-related 

prey shifts (Bastardie et al., 2021; Clausen et al., 2018; Poloczanska et al., 2016; 

Walther et al., 2002). It has been found that these cumulative stressors negatively 

affect the immune system and health overall (Fair & Becker, 2000; Jepson et al., 

2005; Lehnert et al., 2016, 2019; Weirup et al., 2013). Furthermore, increasing 

interspecies and predator-prey interactions (Gross et al., 2020; Haelters et al., 

2012; Mardik F. Leopold, Begeman, Heße, et al., 2015; Mardik F. Leopold, 

Begeman, van Bleijswijk, et al., 2015; van Neer et al., 2020) can result in 

population declines and have negative effects on fitness and fecundity (Dulude‐
de Broin et al., 2020; Jacobson et al., 2015; Zanette & Clinchy, 2020). Changes 

in the communal environment and general social stress (e.g. mating, parenting) 

have also long been recognised as factors in disease manifestation, while animals 

vary in their ability to cope with such stressors (Koolhaas et al., 1999; Mason & 

Mendl, 1993; Zelena et al., 1999). Still, our current understanding of stressor 

impacts, particularly that of anthropogenic and cumulative stressors, is 

fragmented and needs improvement to implement effective conservation 

measures.  

 

1.2.2. Lung nematodes  

Especially infectious agents are considered valuable bioindicators for marine 

mammal health and their investigations are critical (Marcogliese, 2002; Sonne et 

al., 2020). One focal infectious stressor of harbour porpoises are endoparasites, 

especially of their respiratory and gastrointestinal tracts, with the lungs usually 

being the most affected organ (Lehnert et al., 2005; Siebert et al., 2001, 2020). 

The superfamily Metastrongyloidea comprises around 181 species of mammalian 

strongyloid nematodes with supposedly heteroxenous life cycles (R. C. Anderson, 
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1982, 2000; Lehnert et al., 2010; Reckendorf et al., 2018). Adult 

Metastrongyloidea, including the family Pseudaliidae, display high site specificity 

for the respiratory tract, and several species cause pathology within the lungs (Bolt 

et al., 1994; Measures, 2018; Stockdale, 1976; Testi & Pilleri, 1969). Seven out 

of the eight pseudaliid genera are restricted to odontocetes (Measures, 2001), 

while four of these can affect harbour porpoises but inhabit different niches within 

their host (Lehnert et al., 2005; Measures, 2001, 2018). Pseudalius inflexus 

(Rudolphi 1808) resides in the bronchial tree and pulmonary blood vessels, is 

associated with inflammatory and degenerative lesions, and usually occurs in high 

numbers, blocking the airways and leading to obstructions in pulmonary blood 

vessels and the heart (Gibson et al., 1998; Jauniaux et al., 2002; Jepson et al., 

2000; Siebert et al., 2001). Considering that P. inflexus reaches a length of 120-

160 mm and a width of 1.4 mm (Delyamure, 1955), even a mild infection located 

within the branching main bronchi may already block proper air flow. Thus, P. 

inflexus appears particularly pathogenic (Gibson et al., 1998; Measures, 2001, 

2018). Torynurus convolutus (Kuhn 1829) commonly appears in mixed infections 

with P. inflexus and its pathogenicity is difficult to determine, but it is most 

probably also involved in the development of parasitic bronchopneumonia 

(Gibson et al., 1998). Halocercus invaginatus (Quekett 1841) found in the 

pulmonary parenchyma, often forming encapsulated knots and commonly 

associated with focal abscesses, inflammation and calcification, could be 

particularly pathogenic to lung tissue (Dailey & Stroud, 1978; Measures, 2018). 

Stenurus minor (Kuhn 1829) resides in the cranial sinuses. There is some 

controversy surrounding its effects on the tympanic cavity (Dailey & Walker, 

1978; Faulkner et al., 1998; Kijewska et al., 2003), while a rarely occurring 

migration to the inner ear can impair hearing (Morell et al., 2017). Especially 

chronic infections with parasitic helminths can impact their host’s metabolic 

requirements and energy budget, thus negatively impacting fitness through body 

mass reduction (e.g. Booth et al., 1993; Hudson & Dobson, 1995). Additionally, 
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nematodes are suspected vectors of bacterial and viral pathogens (Dawson et al., 

2008; Garner et al., 1997; Smith et al., 1980) and, furthermore, pulmonary 

pseudaliid infections are commonly associated with secondary bacterial infections 

(e.g. Jepson et al., 2000; Lehnert et al., 2005, 2014; Siebert et al., 2001). Hence, 

parasitic infections can impact host population dynamics in regard to reducing 

fecundity and/or survival of host individuals (Hudson et al., 2002; Scott & 

Dobson, 1989). 

 

1.3. The importance of minimally invasive research techniques  

Health assessments and welfare science offer a set of tools to assess multiple 

stressors to wildlife. As welfare science and conservation are inseparably 

connected, they call for constant improvement in conservation and welfare 

responses (Simmonds, 2018; Zemanova, 2020). In veterinary medicine, 

technologies are continuously advanced to improve medical care, diagnostics, 

intervention outcomes and conservation of a wide variety of species (Smith & 

Hagstrom, 2015). As we are facing a rapid increase in environmental changes, the 

need for ways to monitor the impacts on wildlife populations increases, while 

growing anthropogenic pressures drive the need for non-invasive physiological 

assessment technologies, especially for free-ranging cetaceans (Maxwell et al., 

2013; National Academies of Sciences, Engineering, and Medicine, 2017; 

Simmonds, 2018). In wildlife population research, individual animals are often 

invasively sampled to obtain information. This raises concerns about individual 

animal welfare, the quality of the collected data and about the reliability of study 

results. These could be significantly reduced by a broader implementation of non-

invasive research practices (Cook et al., 2000; Jewell, 2013; Powell & Proulx, 

2003; Zemanova, 2020). A non-invasive method is not simply limited to physical 

integrity as in its medical context, but involves minimal or preferably no negative 

effects on the subject’s behaviour, well-being and fitness (Cook et al., 2000; 

Zemanova, 2020). Such non-invasive methods and the ethical treatment of 
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animals improve the data quality and the strength of resulting management 

decisions (Jewell, 2013). Additionally, certain data are currently mostly or only 

derived from post-mortem examinations, which might create a bias towards the 

more health-impaired individuals that are washed ashore (Kesselring et al., 2017). 

Hence, new analytical methods that allow for an assessment of living animals are 

necessary to gain a better understanding of the overall population.   

 

1.3.1. The importance of non-invasive techniques for endocrine studies 

Utilising non-invasive sampling techniques to evaluate the endocrine function of 

wildlife without animal capture, restraint, and/or anaesthesia minimises stress and 

thus bias of endocrine research results (Cook et al., 2000). Additionally, they 

provide the option for continued sampling over a period of hours to months and a 

broader portion of the individual’s endocrine status compared to the usual 

snapshot measures of blood samples (Bechert, 2011; Kenagy & Place, 2000; 

Romano et al., 2010). Hence, non-invasive sampling techniques offer the 

opportunity to create individual baseline values and stress response profiles, of 

which changes can indicate health risks (Bechert, 2011; Simmonds, 2018).  

For a successful investigation of endocrine physiology, the collection of 

continuous samples for hormonal evaluations is necessary (Bechert, 2011; Cook 

et al., 2000). As blood collection from live animals is considered an invasive 

procedure and repeated blood sampling is not feasible in most non-domesticated 

species, there is a critical need to develop accurate monitoring tools for endocrine 

status assessments (Bechert, 2011; Cook et al., 2000). Capturing and restraining 

wildlife are usually stressful to the subject (Desportes et al., 2007; Romano et al., 

2010; Shury, 2014), and circulating glucocorticoid levels can increase within 

minutes in response to pursuit, capture and handling (Bechert, 2011; Kenagy & 

Place, 2000). Hence, glucocorticoid levels of non-invasive sampling methods 

represent a more accurate assessment of stress over time (Bechert, 2011; Moberg, 

2000). Especially when used to inform about conservation policies of endangered 
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species, it must be ensured that the collected data really reflect the animal’s 

physiological state and the collection does not interfere with the individual in a 

physical way or disrupt its natural behaviours (Jewell, 2013; Zemanova, 2020).  

 

1.4. Motivation and study objectives 

A better understanding of acute stressors may help to reduce anthropogenic 

stressors in critical marine mammal habitat (Papastavrou et al., 2017) and improve 

overall management in human care. Especially health monitoring of wild 

populations has been a focus of recent research and conservation approaches, and 

is recommended as a problem identifier (National Academies of Sciences, 

Engineering, and Medicine, 2017; Simmonds, 2018). However, suitable non-

invasive monitoring methods to assess the relative importance of different 

stressors that impact the health of small odontocetes are currently lacking.  

 

1.4.1. Serodiagnostic tests to detect lungworm infections in harbour 

porpoises 

As outlined in Section 1.2.2., a major stressor of harbour porpoises are nematodes 

infecting the respiratory tract. Marine mammals are well known for masking signs 

of disease or illness (Field et al., 2018; Van Bonn, 2015). Hence, clinical 

symptoms are seldom observed and are not necessarily indicative of lungworm 

infections in live cetaceans. Though harbour porpoises are often able to tolerate 

high lungworm intensity without clinical evidence of disease (Clausen & 

Andersen, 1988; Kirkwood et al., 1997; van Elk et al., 2019), subclinical disease 

may also compromise the animal to varying degrees. Impaired lung function can 

cause systemic effects due to respiratory stress and increasing metabolic costs 

(Agustí et al., 2003), especially since lungworm infections are commonly 

associated with granulomatous reactions, abscessation and septicaemia (Jauniaux 

et al., 2002; Measures, 2001; Siebert et al., 2001, 2009). Histological 

examinations regularly note inflammatory changes within the lungs and suggest 
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infectious noxae, such as bacterial and parasitic infections as aetiological agents. 

So far, a cause-effect relation of different noxae could not be demonstrated, and 

both pathogenicity of the different nematode species and general lungworm 

effects on porpoises are difficult to discern and seldom discussed.  

To diagnose pneumonia and lungworm infection intra-vitam, bronchoscopy is an 

essential diagnostic method in marine mammals (Van Bonn & Dover, 2018) and 

the currently used practice in harbour porpoises. However, bronchoscopy is a 

highly invasive technique that requires animals to be dry-docked (Tsang et al., 

2002; Van Bonn & Dover, 2018), while only the larger bronchi can be 

investigated (Harper et al., 2001). Thus, H. invaginatus will not be detected by 

this method, due to its localisation within the pulmonary parenchyma (Delyamure, 

1955; Measures, 2001). Hence, a more reliable and less invasive analytical 

method is desirable. Faecal analysis for egg and larval counts is non-invasive and 

the most commonly used diagnostic method for helminth infections, both in 

domestic and wild mammals. Nonetheless, coproscopical diagnosis may be 

misleading, as infections can be underestimated or missed entirely by a lack of 

egg or larvae excretion during prepatency, scarce excretion in mild infections or 

a general intermittent shedding pattern (e.g. Byrne et al., 2018; Gassó et al., 2015; 

Oliveira-Júnior et al., 2006), as also observed in bottlenose dolphins (Tursiops 

truncatus, Fauquier et al., 2009). Additionally, washing out or dilution in water 

can play a role in influencing test accuracy, both for parasitological and 

endocrinological studies. Thus, coproscopy probably has low sensitivity for 

diagnosing helminth infections, while faecal collection is generally difficult in 

aquatic animals with liquid and quickly dispersing faeces.   

Serum antibody detection by for example an Enzyme-linked Immunosorbent 

Assay (ELISA) is the most reliable method for detecting a current or previous 

parasitic infection (Cornelissen et al., 1997; Fiedor et al., 2009; von Holtum et al., 

2008). For harbour porpoises however, there are currently no suitable serological 

monitoring methods available to assess exposure and/or intensity of nematode 
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infections. Most information on the occurrence of nematode infections derives 

from post-mortem examinations of stranded individuals, which is biased towards 

more health-impaired individuals and does not represent the entire population 

(Kesselring et al., 2017). Therefore, a serological test would be favourable to also 

gain insight into prevalences of the live sampled porpoise population. Since 

animals taken into rehabilitation and in permanent human care are routinely 

subjected to medical health screenings, necessary blood collection and subsequent 

development of a serological screening tool are feasible.  

Research over the past decades has shown few differences between function, 

immune reactivity patterns and distribution of marine and terrestrial mammal 

immune systems, but there is still a large knowledge gap concerning marine 

mammals, especially in species that are not usually kept in human care (Levin, 

2018). Similar to terrestrial mammals, cetacean immune response against 

invading pathogens is regulated by innate and adaptive immunity (Atkinson et al., 

2015), and several cross-reactive (e.g. anti-bovine) and species-specific (e.g. 

bottlenose dolphin) mono- and polyclonal antibodies against cell surface antigens 

have been described (Di Guardo et al., 2018, 2019; Levin, 2018). Though specific 

data on harbour porpoise antibody-based immunity are currently not available, 

they show a level of immunological reaction that can be detected through ELISA 

(Beineke et al., 2010; Finkelman et al., 1997; Maizels et al., 1982). Hence, 

adaptation of already existing serum antibody-based analytics seems promising. 

Previous studies demonstrated that the nematode specific major sperm protein 

(MSP) is highly conserved among different species (Höglund et al., 2008; Morales 

Hojas & Post, 2000; Schnieder, 1992; Strube et al., 2009), and recombinant cattle 

lungworm (Dictyocaulus viviparus) MSP diagnostics have been successfully 

adapted to several species, including seals (Ulrich et al., 2015; von Holtum et al., 

2008; Zottler et al., 2017). Consequently, one aim of this project was to establish 

a serodiagnostic test for lungworm detection in harbour porpoises, as binding of 
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anti-MSP-antibodies in lungworm positive harbour porpoises appeared highly 

probable (Ulrich et al., 2016).  

 

1.4.2. Exhaled breath testing for hormonal assessments of harbour porpoises 

Previously undertaken studies attempted to analyse stress in harbour porpoises 

through blood tests and focused on the analyses of hormones like noradrenaline, 

dopamine, adrenocorticotropic hormone (ACTH) and cortisol, as well as the 

acute-phase protein haptoglobin and c-reactive protein (Fonfara et al., 2007; 

Müller et al., 2013; Siebert et al., 2011). Different cytokines (interleukin-2, -4, -

6, -10, tumour necrosis factor-α, transforming growth factor-β) were found to be 

potential indicators for stress-induced alterations of the immune system and have 

previously been characterised in harbour porpoises (Beineke et al., 2004, 2010; 

Beineke, Siebert, Müller, et al., 2007; Lehnert et al., 2019). Still, no specific data 

on antibody-based immunity or the endocrine status of harbour porpoises are 

currently available (Crocker, 2018; Fair & Becker, 2000; Levin, 2018). In 

terrestrial species, non-invasive sampling techniques like faecal, urine, saliva, 

shed hair or feather sampling are well established for assessing reproductive and 

stress endocrinology (Kersey & Dehnhard, 2014; Kozlowski, 2019; Kumar & 

Umapathy, 2019; Narayan, 2013). However, especially for excretory samples like 

faeces and urine, a varying hormonal metabolisation in different species (e.g. 

excreted glucocorticoid metabolites: 7% by pigs, 86% by cats; Palme et al., 2005) 

as well as confounding effects of environmental conditions and exposure need to 

be considered (Lafferty et al., 2019), while sample collection itself is an 

additionally challenging task in aquatic species (Hunt et al., 2013; Kleinertz et al., 

2014; Rolland et al., 2006). Exhaled breath collection was found to be a good 

method for non-invasive monitoring of biomarkers, which allowed repeated non-

invasive sampling (Kharitonov & Barnes, 2002; Kubáň & Foret, 2013). In 

cetaceans, blow sampling has been customised for various larger species, 

especially baleen whales, throughout the last decades and has become a well-
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established and recognised hormone sampling method (Burgess et al., 2018; Hogg 

et al., 2005; Hunt, Rolland, et al., 2014; Thompson et al., 2014). Due to observed 

inter-individual cortisol variations in large whales, Burgess et al. (2018) suggested 

that blow as a matrix most probably reflects acute changes in endocrine responses. 

If successfully validated, blow sampling could allow continuous non-invasive 

endocrine monitoring of animals in human care and aid in establishing baseline 

steroid hormone and cytokine levels, while minimising the need for venepuncture 

and blood collection. Nevertheless, blow sampling has not been established for 

harbour porpoises, in which their small body size could be a limiting factor. Still, 

being able to non-invasively assess their stress or other hormone levels would be 

highly desirable for wildlife research and animals in human care. Especially 

during rehabilitation efforts, a non-invasive endocrinological monitoring method 

is highly desirable to minimise stress and the potential risk of a fatal impact during 

handling. Hence, the second study aim was to investigate the feasibility of blow 

as a suitable sample matrix and to establish a simple collection protocol for the 

non-invasive analysis of biological stress markers and general endocrine 

assessments.  

In summary, the overall objective of this study was to test and develop minimally 

invasive diagnostic tools to improve health and endocrinological monitoring of 

harbour porpoises. 
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A B S T R A C T   

Pseudaliid lungworm (Metastrongyloidea) infections and associated secondary bacterial infections may severely 
affect the health status of harbour porpoises (Phocoena phocoena) in German waters. The presented retrospective 
analysis including data from 259 harbour porpoises stranded between 2006 and 2018 on the German federal 
state of Schleswig-Holstein’s North Sea coast showed that 118 (46%) of these stranded individuals harboured a 
lungworm infection. During this 13-year period, a significant difference in annual lungworm prevalence was only 
observed between the years 2006 and 2016. Lungworm coinfections of bronchi and pulmonary blood vessels 
were observed in 85.6% of positive cases. Mild infection levels were detected in 22.9% of infected animals and 
were most common in the age class of immature individuals (74.1%). Moderate and severe infections were 
present in 38.1% and 39.0% of the lungworm positive animals, respectively. Their distribution in immatures 
(51.1% and 54.3%) and adults (48.9% and 43.4%) did not show significant differences. In stranded animals, 
lungworm diagnosis can be easily obtained via necropsy, while reliable lungworm diagnosis in living porpoises 
requires invasive bronchoscopy or faecal examination, which is difficult to obtain in cetaceans. To overcome this 
issue, an enzyme-linked immunosorbent assay (ELISA) and immunoblot based on recombinant major sperm 
protein (MSP) of the cattle lungworm were evaluated as potential diagnostic tools in harbour porpoises. How-
ever, in contrast to hitherto other investigated host species, no reliable antibody response pattern was detectable 
in harbour porpoise serum/plasma or whole blood samples. Thus, MSP-based serological tests are considered 
unsuitable for lungworm diagnosis in harbour porpoises.   

1. Introduction 

The harbour porpoise (Phocoena phocoena) is one of the world’s 
smallest odontocetes, widely distributed throughout northern oceans 
and the only cetacean native to German waters (Hammond et al., 2002; 
2013; Siebert et al., 2006a; ICES 2020). It is protected under several 
national and international agreements, including the EU Habitats 
Directive (EEC 1992), the Agreement on the Conservation of Small Ce-
taceans of the Baltic, North East Atlantic, Irish and North Seas (ASCO-
BANS), the Convention on the Conservation of Migratory Species of Wild 
Animals (CMS), and the Convention on International Trade in 

Endangered Species of Wild Fauna and Flora (CITES). 
Harbour porpoises prey on small schooling fish, cephalopods and 

polychaetes (Santos and Pierce, 2003; Leopold, 2015) and can live up to 
24 years, whereas the average life span is only eight to ten years (Siebert 
et al., 2001; Kesselring et al., 2017; Bjørge and Tolley, 2018). Porpoises 
wean their offspring between eight and ten months, while the calves 
already start supplemental feeding on solid prey at a few months of age 
(Camphuysen and Krop, 2011; Bjørge and Tolley, 2018). As some prey 
fish species act as intermediate hosts in pseudaliid lungworm life cycles 
(Dailey, 1970; Bergeron et al., 1997; Houde et al., 2003; Lehnert et al., 
2010), harbour porpoises most likely acquire infections as soon as they 
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start feeding on prey. 
Several species of the nematode family Pseudaliidae (Meta-

strongyloidea) parasitise the respiratory tract of their definitive hosts 
and can cause pathological lesions within the pulmonary structures 
(Dougherty, 1944; Testi and Pilleri, 1969; Stockdale, 1976; Bolt et al., 
1994; Measures, 2018). Three pseudaliid nematode species infecting 
harbour porpoises in German waters are Pseudalius inflexus (Pseudalii-
nae, Rudolphi, 1808), Torynurus convolutus (Stenurinae, Kuhn 1829) and 
Halocercus invaginatus (Halocercinae, Quekett 1841), all residing in the 
lungs (Delyamure, 1955; Arnold and Gaskin, 1975; Lehnert et al., 2010). 
These nematode species often co-occur (Balbuena et al., 1994; Lehnert 
et al., 2005), but inhabit different niches within the respiratory tract. 
While P. inflexus and T. convolutus reside in the bronchi, bronchioles and 
blood vessels, H. invaginatus is found in the pulmonary parenchyma, 
often forming encapsulated nodules (Measures, 2001; Siebert et al., 
2001), and has also been observed in the blood vessels of Greenlandic 
porpoises (Lehnert et al., 2014). Lungworms are known to negatively 
affect marine mammal health (e.g. Arnold and Gaskin, 1975; Dailey and 
Stroud, 1978; Bishop, 1979; Baker and Martin, 1992). They can cause 
respiratory distress, influence foraging abilities and weight gain, and 
instigate secondary bacterial infections, which can lead to severe and 
often fatal bronchopneumonia (Jepson et al., 2000; Wünschmann et al., 
2001; Siebert et al., 2001, 2006b, 2020; Jauniaux et al., 2002; Lehnert 
et al., 2005). However, clinical symptoms due to lungworms are sparse, 
difficult to observe in free-ranging cetaceans and can be non-specific 
(Measures, 2001; van Elk et al., 2019). Hence, clinical signs may 
seldom be indicative of lungworm infections in cetaceans. Furthermore, 
intra-vitam lungworm diagnosis is generally restricted to highly invasive 
bronchoscopies or examination of faecal or sputum samples, which are 
logistically challenging to obtain in aquatic wildlife (Kastelein et al., 
1990; Hunt et al., 2013; Kleinertz et al., 2014). Additionally, the 
sensitivity of faecal detection appears to be suboptimal (Fauquier et al., 
2009), while bronchoscopy can only evaluate the larger bronchi for 
nematode presence. Consequently, available information on lungworm 
infections in harbour porpoises mostly relies on stranded, by-caught or 
rehabilitated individuals. 

Within the framework of the German federal state of Schleswig- 
Holstein’s stranding network and the ongoing marine mammal popu-
lation health monitoring projects in the German Wadden Sea, cumula-
tive data on lungworm burden and the resulting health impairments of 
stranded harbour porpoises are being collected (Benke et al., 1998; 
Siebert et al. 2001, 2006). Here, a retrospective necropsy data analysis 
of individuals found dead between 2006 and 2018 along Schleswig-H-
olstein’s North Sea coast was conducted to allow a comprehensive 
prevalence assessment of parasitic bronchopneumonia in harbour por-
poises during this period. A further aim of the study was to evaluate 
serological methods to detect lungworm infections in harbour porpoises. 
An enzyme-linked immunosorbent assay (ELISA) using recombinant 
bovine lungworm major sperm protein (MSP) fused to 
glutathione-S-transferase (GST) of the trematode Schistosoma japonicum 
as diagnostic antigen was developed for lungworm detection in cattle 
(von Holtum et al., 2008). MSP is a nematode specific male sperm 
protein that is highly conserved among different genera (Schnieder, 
1992; Hojas and Post, 2000; Strube et al., 2009; Ulrich et al., 2015; 
Zottler et al., 2017). Recently, this ELISA was successfully adapted for 
lungworm antibody detection in cats (Felis catus) (Zottler et al., 2017) as 
well as harbour seals (Phoca vitulina) and grey seals (Halichoerus grypus) 
(Ulrich et al., 2015). So far, no serological tests or comparable minimally 
invasive diagnostic methods for lung parasites in living porpoises have 
been established. Thus, it appeared promising to evaluate whether this 
MSP-ELISA or an MSP-immunoblot may serve as suitable tools for 
lungworm serodetection in harbour porpoises. 

2. Materials and methods 

2.1. Retrospective data analysis of harbour porpoise lungworm infections 

In the German federal state of Schleswig-Holstein, marine mammal 
necropsies are routinely performed by the Institute for Terrestrial and 
Aquatic Wildlife Research (ITAW), University of Veterinary Medicine 
Hannover, Foundation, as part of the federal state’s long-standing 
stranding network (Siebert et al., 2001, 2006a, 2020). The Institute’s 
database contains comprehensive marine mammal records and samples 
from Schleswig-Holstein’s coasts. To assess the prevalence and level of 
lungworm infections, a retrospective data analysis was performed for 
carcasses found along the North Sea coast between 2006 and 2018, 
whose preservation status allowed respiratory tract assessment. Ac-
cording to their length (Siebert et al., 2001, 2006a) or the tooth growth 
layer group counts (Lockyer, 1995), animals were classified as imma-
tures (≤100 cm in length/≤0.5 years = neonates or calves; 101–130 cm 
in length/>0.5–4 years = juveniles) or adults (>130 cm in length/>4 
years). The levels of lungworm infections were diagnosed macroscopi-
cally by experienced veterinary pathologists during necropsy, rated 
semiquantitatively as mild, moderate or severe, and their location in 
pulmonary blood vessels and/or bronchi recorded in necropsy protocols 
(Siebert et al., 2001; IJsseldijk, Brownlow & Mazzariol, 2019). Lung-
worm presence was additionally confirmed by histopathological 
investigations. 

Pairwise Fisher’s exact tests with subsequent Bonferroni correction 
of P values were used to compare prevalences between all the study 
years. Additionally, a possible temporal relationship in lungworm 
prevalence was investigated using a Spearman’s rank correlation of year 
with percent prevalence. To determine whether the distribution of 
infection levels (mild, moderate or severe) and lungworm localisation 
(bronchi, pulmonary blood vessels or both) were significantly different 
between sexes or age classes, χ2 contingency tests were used. All tests 
were conducted using R software (version 3.5.2, R Core Team, 2018). A 
(corrected) P-value ≤0.05 was considered statistically significant. 

2.2. Samples for serological analysis 

To evaluate the suitability of serological tests for lungworm diag-
nosis, both whole blood and serum/plasma samples were utilised. 
Samples originated from Germany, the Netherlands, Denmark and 
Canada, and included various sample types. Sample import adhered to 
CITES regulations (permit numbers 17CA04156/CWHQ and 
19CA00048/49FONHQ). Post-mortem samples from the ITAW’s bio-
bank mainly derived from harbour porpoises collected in different 
preservation conditions between 1996 and 2018 along the Schleswig- 
Holstein coasts. Since most animals had been frozen prior to necropsy, 
the majority were haemolytic whole blood samples in different qualities 
depending on the carcass condition at time of collection and interim 
thawing for previous studies on other topics. Samples from lungworm- 
positive post-mortem cases were subcategorised into mild, moderate 
and severe infections according to the rating described above (Section 
2.1). Samples from live harbour porpoises dated back to 1994 and 
included sera or plasma collected during routine clinical examinations 
of harbour porpoises in rehabilitation facilities or permanent human 
care. Some of these individuals were sampled repeatedly over a longer 
period. However, for the majority of animals in rehabilitation, two 
samples were available, one on admission and one prior to being dis-
charged. At the Dolfinarium Harderwijk (the Netherlands), rehabilita-
tion of live stranded harbour porpoises (SOS Dolfijn permit FF/75/ 
2012/036) was performed in two 70 m3 salted freshwater indoor pools, 
while permanently held animals are kept in an outdoor enclosure con-
sisting of two connected pools (185 m3 and 285 m3, 300 m2 total surface 
area, 2.6m max. depth, 18 ◦C max. water temperature). The harbour 
porpoises are mostly fed herring (Clupea harengus), sprat (Sprattus 
sprattus) and sometimes mackerel (Scomber scombrus), which have been 
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frozen at −20 ◦C for a few months up to a maximum of two years before 
thawing for feeding. The Vancouver Aquarium (Canada) has outside 
filtered seawater pools, and feeds locally sourced herring (Clupea pal-
lasii), capelin (Mallotus villosus socialis), sardines (Sardinops sagax) and 
squid that have been frozen at −20 ◦C for a minimum of 45 days prior to 
feeding. A total of 494 samples from different age classes were available 
for the study, assigned to the following categories: (1) lungworm 
negative (animals born in human care and exclusively fed with previ-
ously frozen fish); (2) presumed lungworm negative (negative direct 
lungworm detection during diagnostic examinations or necropsy and 
histopathology); (3) lungworm positive (direct lungworm detection 
during bronchoscopy, necropsy or histopathology); (4) consecutive 
samples (successive samples covering months or several years from the 
same individuals in rehabilitation or permanent human care, regardless 
of infection status); (5) unknown (wild caught animals without clinical 
history, animals in human care without diagnostic examination or 
antiparasitically treated animals after treatment date). All samples were 
stored at −20 ◦C until serological analyses, while the Vancouver samples 
were archived at −70 ◦C prior to shipment. 

All samples from living animals in the present study were taken for 
diagnostic purposes for the benefit of the animals. Thus, no ethical 
approval was required. 

2.3. ELISA for the detection of anti-lungworm antibodies 

To adapt and evaluate the MSP-ELISA (von Holtum et al., 2008) for 
harbour porpoises, a subset of pre-determined positive and negative 
whole blood and serum samples were analysed. For predefinition of the 
best-suitable dilutions, five positive and five negative samples were each 
trialled at dilutions of 1:40 and 1:100 in phosphate buffered saline (PBS; 
Carl Roth GmbH & Co. KG, Karlsruhe, Germany) containing 0.05% 
Tween-20™ (Carl Roth GmbH & Co. KG, Karlsruhe, Germany). 
Following the protocol for lungworm antibody detection in seals 
established by Ulrich et al. (2015), Nunc® Immobilizer™ Amino-plates 
were coated with 0.25 μg recombinant GST-MSP/well. 100 μL volume of 
the respective sample dilutions was added to the wells in duplicate, and 
plates were incubated and washed as previously described. As secondary 
antibody, 100 μL recombinant horseradish peroxidase (HRP)-conju-
gated protein A (Pierce® #32400; Thermo Fisher Scientific GmbH, 
Dreieich, Germany) diluted 1:5,000, 1:10,000, 1:50,000 and 1:100,000 
in PBS-Tween was used. For signal development, 50 μL substrate solu-
tion (0.4 mg/mL o-phenylenediamine dihydrochloride in 25 mM citrate 
[Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany]/50 mM phos-
phate buffer comprising 0.04% of a 30% hydrogen peroxide solution 
[Carl Roth GmbH & Co. KG, Karlsruhe, Germany]) was added and 
incubated in the dark for 10 min at room temperature. The enzymatic 
reaction was stopped by adding 50 μL 2.5 M sulphuric acid (Carl Roth 
GmbH & Co. KG, Karlsruhe, Germany) to each well and optical density 
(OD) was measured at a wavelength of 490 nm with an ELx800 ELISA 
Reader (BioTek Instruments GmbH, Bad Friedrichshall, Germany). For 
OD ratios, the OD arithmetic mean of the duplicates was calculated and 
corrected for the blank OD. 

Sample subset analysis revealed a sample dilution of 1:100 and 
secondary antibody dilution of 1:5000 as most promising for discrimi-
nating positive and negative samples, which were hence applied in an-
alyses of a subset of 245 samples, comprising 97 serum/plasma samples 
(14 negative, 30 presumed negative and 53 positive including 23 
consecutive samples) and 148 whole blood samples (48 presumed 
negative and 100 positive samples). 

2.4. Immunoblotting for the detection of anti-lungworm antibodies 

To visualise binding of harbour porpoise anti-lungworm serum an-
tibodies to recombinant cattle lungworm (Dictyocaulus viviparus) MSP 
and to evaluate its suitability as a diagnostic tool, SDS-PAGE and sub-
sequent immunoblotting were performed in accordance with the 

protocol of Ulrich et al. (2015). Thrombin cleavage of the fusion protein, 
resulting in a mixture of pure MSP and GST as well as uncleaved fusion 
protein, was loaded on a 12% gel. Proteins were separated at 150 V for 
70 min, transferred onto nitrocellulose membranes (Porablot NCL, 0.45 
μm pore size, Macherey-Nagel, Dueren, GmbH & Co. KG, Germany) for 
1 h at 100 mA, and washed and blocked in accordance with Ulrich et al. 
(2015). The blots were then cut into stripes and incubated with negative 
(n = 17), positive (n = 44) and consecutive (n = 30) porpoise samples 
diluted at 1:100 in Tris-buffered saline (TBS; Carl Roth GmbH & Co. KG, 
Karlsruhe, Germany) supplemented with 0.05% Tween-20™ (Carl Roth 
GmbH & Co. KG, Karlsruhe, Germany) for 1 h at room temperature. As 
secondary antibody, protein A conjugated to alkaline phosphatase (AP) 
(Calbiochem® #539251; EMD Millipore/Merck Chemicals GmbH, 
Darmstadt, Germany) diluted 1:5000 in TBS-Tween was used, and strips 
were again incubated for 1 h followed by washing in accordance with 
Ulrich et al. (2015). A positive control using D. viviparus positive cattle 
serum and a monoclonal anti-bovine IgG antibody (clone BG-18; Sig-
ma-Aldrich Chemie GmbH, Taufkirchen, Germany) was run with each 
blot. For visualising antibody binding to MSP and/or GST, the 
AP-specific substrate BCIP/NBT (5-bromo-4-chloro-3-indolyl phosphate 
dipotassium/nitrotetrazolium blue chloride; Carl Roth GmbH & Co. KG, 
Karlsruhe, Germany) was used. Signal development was allowed for 5 
min for each immunoblot. 

Since the bands resulting at 1:100 dilution were barely visible, 
immunoblotting with the total of 494 available harbour porpoise sam-
ples (172 positive, 123 negative, 92 unknown and 107 consecutive) was 
conducted at 1:50 and 1:20 dilution, respectively. The 1:20 dilution was 
chosen for final evaluation of the test results. 

Additionally, protein G (Calbiochem® #539305; EMD Millipore/ 
Merck Chemicals GmbH, Darmstadt, Germany) at a 1:5000 dilution was 
tested as secondary antibody with a subset of nine harbour porpoise 
samples (three negative neonate samples with high, moderate and low 
MSP-ELISA OD values as well as six juvenile individuals positive in 
bronchoscopy or necropsy; 1:20 dilution) in direct comparison with 
protein A. 

3. Results 

3.1. Retrospective data analysis of harbour porpoise lungworm infections 

The retrospective evaluation of harbour porpoise necropsy data from 
2006 to 2018 included a total of 259 individuals from the Schleswig- 
Holstein North Sea coast, whose preservation status allowed respira-
tory tract assessment. Lungworm infection was diagnosed in 45.6% 
(118/259) of the investigated animals. The annual course of lungworm 
prevalence is depicted in Fig. 1. Prevalence comparison between all 
years showed a significantly lower prevalence in 2006 than in 2016 
(Fisher’s exact test, Bonferroni-corrected P = 0.03). No significant 
decline or increase in the number of infected individuals over the years 
was observed (Spearman’s rank correlation, P = 0.79). 

With 50% each, the sexes (n = 58 males, 59 females) were equally 
represented among positive individuals. Age distribution among posi-
tive animals ranged from neonates to 18-year-old individuals. Age 
analysis showed that 41.5% (49/118) of the positives were adults, 
53.4% (63/118) juveniles and 4.2% (5/118) neonates/calves, while in 
one infected animal (0.9%), age and sex could not be determined due to 
advanced decomposition. Hence, 57.6% (68/118) of the lungworm- 
positive stranded harbour porpoises in the investigated 13-year period 
were immature. 

Analysis of infection level showed similar percentages of severe 
(39.0%; 46/118) and moderate (38.1%; 45/118) infections, while mild 
infections were only diagnosed in 22.9% (27/118) of the animals 
(Table 1). Immature and adult animals contributed similarly to severe 
(54.3% [25/46] vs. 43.4% [20/46]) and moderate (51.1% [23/45] vs. 
48.9% [22/45]) infections, while the majority of mild infections were 
detected in immatures (74.1% [20/27]). No significant differences in 
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the distribution of infection severity levels were found between sexes 
(χ2 

= 2.681, P = 0.26) or different age classes (χ2 
= 3.853, P = 0.15). 

Of all infected individuals, 85.6% (101/118) revealed a mixed 
infection of the bronchial tree and pulmonary vessels, while 11.9% (14/ 
118) showed parasites only in the bronchial tree and 2.5% (3/118) only 
in the pulmonary vessels. There were no significant differences in the 
proportion of animals with lungworms in bronchi or pulmonary vessels 
only, or in both localisations according to age (χ2 

= 4.295, P = 0.12; χ2 

= 0.737, P = 0.69) or sex (χ2 
= 0.876, P = 0.65; χ2 

= 3.071, P = 0.22). 

3.2. Samples for serological analysis 

A total of 494 samples were available for serological analysis, 
divided into 302 serum/plasma and 192 whole blood samples. The 
assigned lungworm infection status is given in Table 2. Of the 125 
lungworm-positive whole blood samples, 22 originated from severe, 49 
from moderate and 54 from mild lungworm infections, while six serum 
samples could be categorised into three severe and three moderate 
infections. 

3.3. ELISA for the detection of anti-lungworm antibodies 

MSP-ELISA analysis of the 245 samples from harbour porpoises 
assignable to a positive or (presumed) negative lungworm infection 
status resulted in the following mean OD values: 0.211 OD for lungworm 
negative sera/plasma from animals born in human care (range: 
0.094–0.385 OD), 0.415 OD for presumed lungworm negative sera/ 
plasma (range: 0.108–2.056 OD), 0.463 OD for presumed lungworm 
negative whole blood (range: 0.013–1.257 OD), 0.387 OD for lungworm 
positive sera/plasma (range: 0.056–1.253 OD) and 0.615 OD for lung-
worm positive whole blood (range: 0.088–1.616 OD). Detailed OD 
patterns are pictured in Fig. 2. Since a multitude of positive samples 
covered the OD range of the negatives, no reliable cut-off value could be 
determined, and further ELISA analysis of the remaining samples was 
omitted. 

3.4. Immunoblotting for the detection of anti-lungworm antibodies 

Electrophoretic separation of the thrombin-cleaved GST-MSP fusion 
protein produced bands of approximately 40 kDa (fused GST-MSP), 26 
kDa (GST) and 14 kDa (MSP), respectively. However, immunoblot 
analysis of the 295 (presumed) lungworm negative or positive harbour 
porpoise samples did not show a specific band pattern within the 
different infection groups, which are exemplarily presented in Fig. 3. To 
investigate whether the choice of the sample type (serum/plasma or 
whole blood) could improve results, the band pattern of 11 animals with 
both sample types were compared. Whole blood results were often less 
intense but showed a similar pattern to the respective sera (Table 3). 

Overall, immunoblotting did not allow differentiation between 
negative and positive samples, as the recombinant diagnostic antigen 
(pure MSP or the GST-MSP fusion protein) was also recognised by 
(presumed) negative samples and band intensities were not consistently 
weaker than in positive samples. Additionally, many lungworm positive 
sera did not react with the diagnostic antigen, neither as pure nor fused 
MSP. Thus, reliable assignment of the 92 unknown samples failed. A 
summary of the band pattern analysis of the 494 samples is given in 
Table 4. 

Notably, using protein G as secondary antibody in a subset of nine 
(three negatives, six positives) samples did not result in any bands, while 
six of the samples produced bands when protein A was the secondary 
antibody. 

4. Discussion 

Lungworm infections and associated secondary bronchopneumonia 
are a major cause of harbour porpoise mortality in the North Sea (Siebert 
et al., 2001; 2006a; Jauniaux et al., 2002; Lehnert et al., 2005; ten 
Doeschate et al., 2017; van Elk et al., 2019). Here, the lungworm 
prevalence in North Sea harbour porpoises was retrospectively analysed 
over a 13-year period based on necropsies of stranded individuals, 

Fig. 1. Annual comparison of lungworm prevalence in harbour porpoises 
stranded along the North Sea coast of the German federal state Schleswig- 
Holstein between 2006 and 2018. The median of total deaths (19 ± 9.23, 
black line), uninfected cases (10 ± 6.83, dotted line) and positive cases (8 ±
5.04, dashed line) are additionally depicted. 

Table 1 
Lungworm infection intensity in harbour porpoises stranded along the 
Schleswig-Holstein North Sea coast between 2006 and 2018 (n = 118), sorted by 
level of infection in relation to age class and sex. Age and sex of one severely 
infected individual could not be determined due to decomposition status.   

Total no. (%) No. of females (%) No. of males (%) 
Mild Infection 27 (22.9%) 12 (44.4%) 15 (55.6%) 
Neonates/calves 2 (7.4%) 1 (50.0%) 1 (50.0%) 
Juveniles 18 (66.7%) 8 (44.4%) 10 (55.6%) 
Adults 7 (25.9%) 3 (42.9%) 4 (57.1%) 
Moderate Infection 45 (38.1%) 20 (44.4%) 25 (55.6%) 
Neonates/calves 2 (4.4%) – 2 (100%) 
Juveniles 21 (46.7%) 10 (47.6%) 11 (52.4%) 
Adults 22 (48.9%) 10 (45.5%) 12 (54.5%) 
Severe Infection 46 (39.0%) 27 (58.7%) 18 (39.1%) 
Neonates/calves 1 (2.2%) 1 (100%) – 

Juveniles 24 (52.2%) 14 (58.3%) 10 (41.7%) 
Adults 20 (43.4%) 12 (60.0%) 8 (40.0%) 
Unknown 1 (2.2%) n.a. n.a. 

n.a. = not available. 

Table 2 
Overview of the composition of the 494 samples available for serological 
analyses.  

Infection status No. of serum/ 
plasma samples 
(%) 

No. of whole 
blood samples (%) 

No. of total 
samples (%) 

Lungworm negative 20 (6.6%) – 20 (4.0%) 
Presumed 

lungworm 
negative 

52 (17.2%) 51 (26.6%) 103 (20.9%) 

Lungworm positive 47 (15.6%) 125 (65.1%) 172 (34.8%) 
Consecutive 

samples 
107 (35.4%) – 107 (21.7%) 

Unknown 76 (25.2%) 16 (8.3%) 92 (18.6%) 
Total 302 (61.1%) 192 (38.9%) 494 (100%)  
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resulting in a mean prevalence of 45.6%. Annual prevalences ranged 
from 21% in 2006 to 62% in 2016, which were the only years with a 
significant difference in prevalence during this study period. Addition-
ally, both 2006 and 2016 were outlier years, clearly deviating from the 
median of 19 stranded animals with a higher stranding occurrence than 
usual, while in 2010 and 2011, fewer stranded animals than usual were 
found. The general prevalence of 45.6% (n = 118) in harbour porpoises 
from the German North Sea in the present study is similar to the value of 
40% (n = 126) found in harbour porpoises from the German Baltic Sea 
between 1990 and 2015 (Siebert et al., 2020), while 62.4% (n = 83) of 
harbour porpoises from both German coasts were lungworm infected 
between 1991 and 1996 (Siebert et al., 2001). Prevalences of 68% 
described for the Netherlands (ten Doeschate et al., 2017), 58% for 
Poland (Siebert et al., 2020) and 57%–60% described for Denmark 
(Lockyer and Kinze, 2003; Siebert et al., 2020) were slightly higher than 

those observed in the present study, probably influenced by the age 
structure. Further northwards, markedly higher prevalences, but mostly 
only mild infections with mild associated lesions, were determined, with 
values ranging from 80% to 98% in Norway (Balbuena et al., 1994; 
Siebert et al., 2006b), 83% in Iceland (Siebert et al., 2006b) and 95% in 
West Greenland (Lehnert et al., 2014). 

Additionally, an opposing overall distribution between infection 
levels can be observed: mild infections were detected in 22.9% of pos-
itive animals in the present study, while between 59% and 68% of 
Norwegian, Icelandic and West Greenlandic animals showed only mild 
lesions (Siebert et al., 2006b; Lehnert et al., 2014). Furthermore, ani-
mals from Norway and Iceland did not exhibit severe levels of lungworm 
infection (Lehnert et al., 2005; Siebert et al., 2006b), while this was the 
most common finding in 39% of animals in the present analysis. The 
reasons for this clear discrepancy may be influenced by the consumption 

Fig. 2. MSP-ELISA results of the 245 samples from harbour porpoises assignable to a specific infection status. Green = lungworm negative (born in captivity); light 
blue = presumed lungworm negative sera (negative direct detection); dark blue = presumed lungworm negative whole blood (negative direct detection); light red =
lungworm positive sera (direct lungworm detection); dark red = lungworm positive whole blood (direct lungworm detection). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 3. Immunoblot pattern of (presumed) 
lungworm negative (lane numbers indicated 
in blue: 1–5 = animals born in human care; 
2–5 sampled over three consecutive years; 
6–8 = no infection detected) as well as 
lungworm positive (lane numbers indicated 
in red: lane 9 = moderate infection; lane 10 
= severe infection; lanes 11–16 = direct 
lungworm detection) harbour porpoise sera. 
Lane 17 = D. viviparus positive control 
serum, M = Spectra™ Multicolour Broad 
Range Protein Ladder (Thermo Fisher Sci-
entific GmbH, Dreieich, Germany). (For 
interpretation of the references to colour in 
this figure legend, the reader is referred to 
the Web version of this article.)   
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of different prey and/or intermediate host species in the different 
geographical regions with their respective oceanographic conditions 
(Lehnert et al., 2014), but more likely reflects the impaired health status 
of harbour porpoises in the Baltic and North Sea (Siebert et al., 2001, 
2006a, 2020; Lehnert et al., 2005). Similarly, the discrepancy between 
roughly 46% infected and 54% uninfected harbour porpoises in the 
present study might be explained with a different age structure, varying 
prey species and underlying health conditions, though all animals share 
the same environment. 

Infection of all harbour porpoise age classes as previously observed 
(e.g. Jepson et al., 2000; Siebert et al., 2001; 2006b; 2020; Jauniaux 
et al., 2002; van Elk et al., 2019) was confirmed by the investigated 
dataset, with 57.6% of the positive individuals being immature, i.e. 
under four years of age, and 41.5% being adults. The regular finding of 
positive adults suggests that harbour porpoises do not develop protec-
tive immunity against lungworms, enabling lifelong infection as pro-
posed previously (Lehnert et al., 2014; ten Doeschate et al., 2017). 
However, it remains unclear if observed infections in adult harbour 
porpoises represent persistent infections acquired as immatures and not 
cleared by the immune system, while with advanced age, they might be 
protected against reinfections by immune trapping of newly invading 

lungworm larvae. Moreover, it is uncertain whether they represent 
(cumulative) reinfections during adulthood due to insufficient or lacking 
immunity. Similar to terrestrial mammals, cetacean immune response 
against invading pathogens is regulated by innate and adaptive immu-
nity. Nonetheless, specific data on antibody-based immunity of harbour 
porpoises is currently not available (Levin, 2018; Di Guardo et al., 2018, 
2019). However, age distribution of infection levels may indicate that 
adult harbour porpoises suffer from cumulative reinfections, as mild 
infections occurred generally more often in immatures than in adults. 

One of the factors influencing lungworm pathogenicity is their 
location within the lungs and perhaps species-specific differences in 
pathogenicity. Due to their size, P. inflexus (females: 120–160 mm long, 
1.4 mm wide) and T. convolutus (females: 31–67 mm long, 0.4 mm wide) 
can cause airway occlusion, endocarditis and thrombosis (Gibson et al., 
1998; Jepson et al., 2000; Siebert et al., 2001, 2020). In contrast, 
lungworms residing within the pulmonary parenchyma like 
H. invaginatus might be more pathogenic due to their potential to cause 
abscessation and granulomatous reactions (Measures, 2001, 2018). 
However, very few studies assessed the different lungworm species 
separately, and it is mostly unclear whether all species were recorded 
during these previous investigations. In the present study, the vast ma-
jority of 85.6% of the examined animals harboured lungworms in both 
the bronchi and the pulmonary vessels. High levels of lungworm 
co-occurrence has also been previously described (Balbuena et al., 1994; 
Lehnert et al., 2005). 

Lungworm infections are commonly associated with secondary 
bacteriosis (Jepson et al., 2000; Siebert et al., 2001, 2009; Lehnert et al., 
2005, 2014), which may compromise the animals to varying degrees, 
since impaired lung function can cause systemic effects due to respira-
tory stress and increasing metabolic costs (Agustí et al., 2003). In view of 
the importance of lungworm infections in harbour porpoises, a further 
aim of this study was to evaluate serodiagnosis as a sensitive and 
minimally invasive method for general health monitoring or rehabili-
tation management. Faecal detection of lungworm larvae is a 
non-invasive technique. Faecal collection, however, remains logistically 
challenging and test sensitivity is questionable, since larval excretion in 
bottlenose dolphins (Tursiops truncatus) appeared to be sporadic (Fau-
quier et al., 2009), concordant to shedding patterns in terrestrial 

Table 3 
Immunoblot results of the 11 animals of which both serum and whole blood (or a 
blood clot) was available. Band intensity was rated as follows: 0 = not visible, 
(1) = faint, 1 = weak, 2 = moderate, 3 = strong.  

Lungworm 
infection 
status 

Sample Blot result Comments Sampling 
year MSP GST- 

MSP 
GST 

Presumed 
negative 

serum (1) (1) (1) neonate, no 
infection 
diagnosed at 
necropsy 

2000 
whole 
blood 

(1) (1) (1) 

Presumed 
negative 

serum 0 (1) 0 neonate, no 
infection 
diagnosed at 
necropsy 

2002 
whole 
blood 

(1) (1) 0 

Presumed 
negative 

serum 0 1 2 neonate, no 
infection 
diagnosed at 
necropsy 

2016 
whole 
blood 

0 (1) 1 

Presumed 
negative 

serum (1) 2 1 neonate, no 
infection 
diagnosed at 
necropsy 

2018 
whole 
blood 

0 (1) 2 

Presumed 
negative 

serum 0 0 0 juvenile, no 
infection 
diagnosed, 
biannual 
antiparasitic 
treatment 

1999 
whole 
blood 

0 0 0 

Presumed 
negative 

serum 1 2 1 juvenile, no 
infection 
diagnosed 

2013 
whole 
blood 

0 1 1 

Positive serum 1 2 2 adult, positive 
bronchoscopy 

2013 
whole 
blood 

1 1 1 

Positive serum 0 (1) 0 adult, mild 
infection at 
necropsy 

2000 
whole 
blood 

0 (1) 0 

Positive serum 1 (1) 2 adult, moderate 
infection at 
necropsy 

2016 
whole 
blood 

(1) (1) 1 

Positive serum 1 0 1 adult, moderate 
infection at 
necropsy 

2017 
blood 
clot 

0 (1) 0 

Unknown serum (1) (1) (1) juvenile, no lung 
infection at 
necropsy, mild 
infection of 
peribullar 
sinuses 

2000 
blood 
clot 

0 (1) 0  

Table 4 
Overview of the band recognition pattern in immunoblot analyses.  

Lungworm 
infection status 

No. of 
total 
samples 

No. 
recognising 
MSP (%) 

No. 
recognising 
GST-MSP (%) 

No. 
recognising 
GST (%) 

Negative 20 5 (25.0%) 13 (65.0%) 2 (10.0%) 
Presumed 

negative 
103 33 (32.0%) 78 (75.7%) 77 (63%) 

Neonates/ 
calves 

48 13 (27.1%) 35 (72.9%) 34 (70.8%) 

Juveniles 45 18 (40.0%) 36 (80.0%) 36 (80.0%) 
Adults 10 2 (20.0%) 7 (70.0%) 5 (50.0%) 
Positive 172 95 (55.2%) 142 (82.6%) 140 (81.4%) 
Neonates/ 

calves 
6 2 (33.3%) 3 (50.0%) 5 (83.3%) 

Juveniles 124 73 (58.9%) 106 (85.5%) 105 (84.7%) 
Adults 42 20 (47.6%) 33 (78.6%) 30 (71.4%) 
Consecutive 

samples 
107 21 (19.6%) 46 (43.0%) 24 (22.4%) 

Neonates/ 
calves 

2 - - - 

Juveniles 53 10 (18.9%) 29 (54.7%) 19 (35.8%) 
Adults 52 11 (21.2%) 17 (32.7%) 2 (3.8%) 
Unknown 92 31 (33.7%) 65 (70.7%) 52 (56.5%) 
Neonates/ 

calves 
5 1 (20.0%) 3 (60.0%) 2 (40.0%) 

Juveniles 42 12 (28.6%) 31 (73.8%) 25 (59.5%) 
Adults 8 3 (37.5%) 4 (50.0%) 3 (37.5%) 
Unknown 37 15 (40.5%) 27 (73.0%) 22 (59.5%) 
Total 494 185 (37.4%) 344 (69.6%) 293 (59.3%)  
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carnivores (Ribeiro and Lima, 2001; Al-Sabi et al., 2010; Elsheikha et al., 
2016). Thus, we aimed to adapt an ELISA developed for detecting 
anti-lungworm antibodies in cattle (von Holtum et al., 2008) to harbour 
porpoises. As the nematode-specific male major sperm protein is highly 
conserved among different genera (Schnieder, 1992; Hojas and Post, 
2000; Strube et al., 2009; Ulrich et al., 2015; Zottler et al., 2017), 
D. viviparus MSP as antigen has been successfully validated for meta-
strongylid lungworm detection in cats as well as in harbour and grey 
seals (Ulrich et al., 2015; Zottler et al., 2017) and suitability of whole 
blood samples was proven in the adapted seal MSP-ELISA (Ulrich et al., 
2015), it seemed reasonable to assume that the MSP-ELISA would be a 
suitable tool for detecting antibodies against metastrongyloid/-
pseudaliid (Metastrongyloidea) harbour porpoise lungworms. 

However, the MSP-ELISA was not able to reliably discriminate be-
tween predefined lungworm negative and positive harbour porpoise 
samples, as a larger number of positive serum/plasma as well as whole 
blood samples showed OD values in the negative range. Furthermore, 
OD distribution between positive and presumed negative samples was 
similar. Even though one might explain the low OD in positive samples 
with prepatent infections or low immune responders, and the high OD of 
presumed negative samples with persisting antibodies after elimination 
of the parasites or a misdiagnosed actual infection, it appeared most 
likely that reliable discrimination failed due to undesired cross- 
reactions. 

To clarify whether the ELISA results reflect antibody binding to MSP 
or non-specific binding, e.g. to the N-terminal GST-tag, which allows 
easy and efficient purification of the recombinants, or co-purified pro-
teins of the Escherichia coli expression system, immunoblot analyses 
were performed. Additionally, we were confident that in case of failure 
of the ELISA due to non-specific binding, immunoblot analysis could be 
a suitable alternative serodiagnostic test by assessing the MSP band, 
which should be clearly visible or strong in lungworm positive, but 
missing or very faint in negative harbour porpoises. Contrary to our 
expectations, however, only seven positive but two negative samples 
showed striking MSP band intensity, and only 55% of the lungworm 
positive samples recognised the MSP band. This percentage is too low to 
be explained by prepatency as it is unlikely that nearly half of the 
harbour porpoises did not harbour adult lungworms, of which male 
individuals express MSP as a sperm component, restricting the MSP- 
ELISA to the detection of patent infections. 

Additionally, 25% of the samples from animals born in human care 
and raised with frozen fish, i.e. lungworm negatives, as well as a number 
of consecutive samples of these negatives showed undesired MSP 
binding. Also, about one third of the presumed lungworm negative 
samples recognised MSP. Persisting antibodies, maternal antibody 
transmission or misdiagnosed infections may account for this finding. 
However, it is currently unknown whether harbour porpoises even 
produce viable anti-lungworm antibodies, hence it remains questionable 
if maternal transmission of these antibodies occurs. Nonetheless, also 
potential cross-reactions with other nematode infections cannot be ruled 
out, even though ELISA evaluation in cattle and seals did not show MSP 
recognition of animals infected with nematodes other than lungworms 
(von Holtum et al., 2008; Ulrich et al., 2015). Since no blood samples 
were available from individuals with single-species infections, it was not 
possible to evaluate if different lungworm species could have induced 
different humoral immune responses against the used antigen. 

Notably, in all categories, the percentage of samples binding to GST 
was substantially higher than that binding to MSP. Logically, the highest 
percentages bound to the MSP-GST fusion protein. This reaction pattern 
could be due to cross-reactions of antibodies raised against helminth 
GST. However, as observed for MSP, even (consecutive) samples from 
animals born and raised in captivity showed reactions to GST, indicating 
non-specific reactions. Here, low sample dilution (1:20) and/or the 
fairly long signal development time required to visualise protein bands 
might account for non-specific binding of the protein A conjugate and 
visualisation of false positives. Additionally, potential influencing 

factors like varying sample quality from stranded animals in a more 
advanced state of decomposition or samples that had undergone freeze- 
thaw cycles over the years for other studies cannot explain the 
comprehensive picture of irregular band recognition pattern of the 
entire sample set. 

Overall, the obtained ELISA and immunoblot data suggest that 
harbour porpoise lungworm MSP is not exposed to or not sufficiently 
recognised by the host’s immune system, contrary to other hitherto 
examined species (von Holtum et al., 2008; Ulrich et al., 2015; Zottler 
et al., 2017). Hence, both MSP-ELISA and immunoblot presented in this 
study cannot be recommended as diagnostic tools for detecting lung-
worm infection in harbour porpoises. The failure of both tests might 
mirror the special characteristics of lungworm infection in harbour 
porpoises, i.e. an incapacity to develop an effective immune response 
against lungworms and to clear infections as proposed by ten Doeschate 
et al. (2017). Nevertheless, future attempts to develop serological tests 
for lungworm detection in harbour porpoises, either detecting 
anti-lungworm antibodies or lungworm antigens are desirable to pro-
vide a sensitive, minimally invasive tool for health monitoring purposes. 

5. Conclusions 

This study confirmed that pseudaliid lungworm infection regularly 
occurs in stranded German North Sea harbour porpoises. Retrospective 
data analysis over a 13-year period showed an annual median of 19 
stranded harbour porpoises, with a total of 45.6% of all investigated 
animals being lungworm infected, 85.6% of which had coinfections of 
bronchi and pulmonary blood vessels. In contrast to previous studies, 
severe infections were frequently detected in the investigated harbour 
porpoises. Serological tests would constitute a valuable tool to reveal 
epidemiological dynamics of lungworm infections in wild harbour por-
poises and additionally aid in diagnostics in animals in human care. 
However, both the evaluated MSP-ELISA and MSP-immunoblot proved 
unsuitable as lungworm serodiagnostic tests. 
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Simple Summary: The progress of animal welfare in wildlife conservation and research calls for

more non-invasive sampling techniques. In cetaceans, exhaled breath condensate (blow)—a mixture

of cells, mucus and fluids expelled through the force of a whale’s exhale—is a unique sampling

matrix for hormones, bacteria and genetic material, among others. Especially the detection of steroid

hormones, such as cortisol, is being investigated as stress indicators in several species. As the only

native cetacean in Germany, harbor porpoises (Phocoena phocoena) are of special conservation concern

and research interest. So far, strandings and live captures have been the only method to obtain

samples from free-ranging individuals, and novel, non-invasive monitoring methods are desirable

for this small cetacean species. Hence, three different blow collection devices were tested on harbor

porpoises. All samples were analyzed for cortisol using a commercially available immunosorbent

assay. The most suitable protocol for sampling, storage and processing is using a sterile 50 mL

centrifuge tube. This pilot study shows that cortisol can be detected in the exhale of harbor porpoises,

thus paving the way for future studies and most likely successful non-invasive small cetacean health

monitoring through blow.

Abstract: Over the last decades, exhaled breath sampling has been established for laboratory analysis

in various cetacean species. Due to their small size, the usability of respiratory vapor for hormone

assessments was questionable in harbor porpoises (Phocoena phocoena). This pilot study compared

three different blow collection devices for their suitability in the field and during laboratory pro-

cessing: a sterile petri dish covered by a Nitex membrane, as well as sterile 50 mL centrifuge tubes

with or without manganese(II) chloride as a stabilizer. Collected exhales varied between three,

five or ten, depending on feasibility. Hormones were extracted through an ether mix, followed by

centrifugal evaporation and cortisol analysis using an immunoassay. Although close to the lower

end of the assay’s dynamic range, the ELISA produced results (n = 110, 0.102–0.937 ng/mL). Hence,

a simple 50 mL centrifuge tube was determined as the best suited blow collection device, while three

consecutive exhales proved sufficient to yield results. These findings are promising regarding the

suitability of exhaled breath as a matrix for future endocrine and immune system-related studies in

harbor porpoises. If further advanced, blow sampling can become an important, non-invasive tool

for studying and monitoring health, stress levels and diseases in harbor porpoises.

Keywords: harbor porpoise; animal welfare; non-invasive method; exhaled breath; blow sampling;

cortisol; stress; diagnostic techniques
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1. Introduction

Marine mammals face a number of growing anthropogenic stressors worldwide, in-
cluding increasing commercial and recreational activities, chemical and noise pollution,
climate change and ecosystem alterations [1–4]. All of these threats are cumulative stres-
sors, but their collective consequences are often difficult to assess [5–8]. Stressful and
immunocompromising conditions have been shown to cause an increase in infectious dis-
ease susceptibility, mortality and reduced reproduction [9–12]. Cortisol, frequently referred
to as the “stress hormone”, is the primary glucocorticoid produced by the mammalian
adrenal cortex, secreted in response to stress, and regulating a range of immunological
mechanisms of stress adaptation, as well as systems controlling blood pressure and glucose
levels [13–15]. Usually measured in the blood, cortisol is the main glucocorticoid studied
in most (marine) mammals [8,16–18]. The typical physiological vertebrate response to
a stressor involves a measurable and fast increase in circulating glucocorticoids [19–21].
Following an ACTH-dependent diurnal rhythm and seasonal fluctuations, the cortisol
level peaks early in the morning and levels off throughout the day [22–25], making deter-
mination of baseline blood concentrations in opportunistically sampled wildlife difficult.
Another challenge in wildlife research is that within minutes, the acute stress response
associated with pursuit, capture and handling during examinations and sampling proce-
dures is reflected in the blood, potentially obscuring baseline values or long-term stress
exposure [26–29]. Furthermore, not all stress types increase blood cortisol levels [30], and
substantial individual cortisol concentration variations are common in different matri-
ces [8,31]. These could be related to intrinsic factors, like the animal’s sex, reproductive
stage, body condition and/or age, as well as environmental factors like temperature and
season (e.g., [8,24]), and fluctuations in the aforementioned physiological cortisol rhythm
that still needs investigation in most cetaceans. Cortisol detection has previously been
validated in serum; plasma; tissue; saliva; urine; feces; blubber; keratinous tissues like
hair, nails, vibrissae and baleen; as well as respiratory vapor (e.g., [32–38]). Yet, sample
collection from free-ranging marine mammals remains challenging [39].

Throughout the last decade, blow (exhaled breath), as a matrix of organic lung ma-
terial, has been established as a non-invasive physiological assessment tool for several
cetacean species (e.g., humpback whale (Megaptera novaeangliae), sperm whale (Physeter
macrocephalus), long-finned pilot whale (Globicephala melaena) and northern bottlenose whale
(Hyperoodon ampullatus) [40]; and North Atlantic right whale (Eubalaena glacialis) [31,41]).
Blow sample analysis offers the possibility for immunological, reproductive and adrenal
endocrine studies, as well as microbiological and cytological evaluation in several cetacean
species, and permits repeated sampling (e.g., [42–45]). Cetacean lungs have a two layered
capillary bed, enabling maximal molecule exchange between circulating blood and air at
the pulmonary alveolar membranes [46,47]. Studies in humans additionally revealed that
lipophilic molecules like corticosteroids rapidly assimilate into respiratory fluids [48,49].
Due to the exhalation of these respiratory fluids and tissue detritus, the breath matrix
contains steroids, cytokines and other biomarkers [50–52]. Thus, the hormone status in
blow probably reflects the current physiological state or an acute response to a recent
stressor [53]. However, blow sampling cannot serve as a real-time stress indicator, since
analyses can only be performed in a laboratory.

The harbor porpoise (Phocoena phocoena) is widely distributed throughout the northern
oceans and is one of the smallest oceanic odontocetes; the average length and weight of an
adult is 1.6 m and around 50 kg, respectively [54,55]. Listed as critically endangered on
the red list of mammals in Germany and protected under several international agreements
(e.g., EU Habitats Directive 92/43/EEC, ASCOBANS, CITES) [56,57], the species has an
important status as an ecosystem sentinel and indicator species in the North and Baltic
Sea [55,58,59]. Hence, physiology, health and welfare monitoring of free-ranging harbor
porpoises, as well as those in rehabilitation and permanent human care, need improve-
ment. A practical, non-invasive stress assessment method is desired as an additional
diagnostic and monitoring tool and to increase animal welfare during interventions. The
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most common method of stress level determination involves blood (e.g., [28,60–62]) or
fecal sampling, the latter being rarely conducted in harbor porpoises [63]. At present,
endocrine blow studies have only been performed on large baleen whales (e.g., [31,64])
and two odontocete species, namely the bottlenose dolphin (Tursiops truncatus [38]) and
the beluga whale (Delphinapterus leucas [43]). Hence, current endocrine monitoring mostly
relies on blood collection, while a non-invasive method would provide an obvious animal
welfare advance.

Following Burgess’s call for different cetacean species protocols [31], the present
analytical pilot study aimed to verify blow as a novel sampling matrix for steroid hormone
measurements in harbor porpoises. The study goals were to verify whether hormones can
be detected in blow using a commercially available saliva enzyme-linked immunosorbent
essay (ELISA), and to determine the most practical collection device for handling in the
field and subsequent laboratory analysis.

2. Materials and Methods

2.1. Blow Sample Collection Devices

2.1.1. Nitex Dish

Following Thompson’s protocol for beluga whale blow sampling [43], polystyrene
petri dishes (Item No.: 633181, Greiner Bio-One International GmbH, Kremsmünster, Aus-
tria) were covered with nylon mesh of 110 µm pore size (Elko Filtering Co., Miami, FL,
USA) fixed with a tight elastic band. Both petri dishes and membranes were addition-
ally wiped down with 70% alcohol to prevent external contamination during assembly.
Hereafter, this device will be referred to as “Nitex” (Figure 1A).

Figure 1. On command, in-water blow sample collection from a trained harbor porpoise. (A) Nitex device blow collection,

with exhale condensate visible on the petri dish. (B) Blow collection into a 50 mL centrifuge tube, visibly fogged up by

the exhale.

2.1.2. Manganese(II) Chloride Tube

During previous health investigations on wild harbor porpoises, researchers of the
Institute for Terrestrial and Aquatic Wildlife Research (ITAW), University of Veterinary
Medicine Hannover, Germany, had opportunistically collected three or five exhales in
sterile 50 mL polypropylene centrifuge tubes (Catalogue No.: 525-0610, VWR International,
LLC, Darmstadt, Germany; Figure 1B) as performed in previous studies [38,65,66]. Since
these samples had been originally anticipated for sexual hormonal studies, 5 mL of 100 mM
manganese(II) chloride (MnCl2; Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany)
was added in the falcon tubes as stabilizing agent for testosterone [38]. Following this
approach, MnCl2 was added to 23 newly collected samples. Since previous studies had
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found no noticeable effect of freezing temperature, delayed freezing, several freeze-thaw
cycles or prolonged storage time on the hormone content [67–70], the older samples
(2012–2016, stored at −20 ◦C) were additionally considered suitable for analysis. This
method will hereafter be referred to as “MnCl2”.

2.2. Study Animals

Samples from both restrained free-ranging individuals and animals in human care
were available for this study. To prevent contamination, gloves were worn while handling
all equipment and throughout the entire sampling process. All samples were immediately
frozen after collection and stored at −20 ◦C until analysis.

2.2.1. Restrained Free-Ranging Animals

Over the last decade, harbor porpoises that were accidentally caught in Danish pound-
nets have undergone health assessments and audiogram recordings performed by the ITAW
prior to tagging and subsequent release [71,72] (permits: Danish Ministry of Environment,
NST-3446-0016, Danish Ministry of Food, Agriculture and Fisheries, 2010/561-1801). The
animals were placed in a floating stretcher for the time of examination, and blow was
opportunistically collected when the animal’s habitus and timing allowed it. Three (n = 27:
25 MnCl2, 2 Falcon) or five (n = 4: 1 MnCl2, 3 Falcon) consecutive exhales were collected
during these opportunistic interventions, depending on the individual’s clinical appearance.

2.2.2. Animals under Human Care

In Europe, harbor porpoises in human care are currently only held under special
permits in authorized facilities in Denmark and the Netherlands. For this study, a total
of four female porpoises were included. Ten consecutive exhales were collected from
these four animals between November 2017 and June 2018. Blow samples were collected
non-invasively under constant supervision of an experienced veterinarian during rou-
tine clinical examinations or regular training sessions, adhering to ethical principles and
respective national and international guidelines for animal experiments.

The Dolfinarium in Harderwijk, the Netherlands, routinely performs dry-docked
health inspections with systematic clinical examinations and sampling on their three
females. For the present study, blow was collected onto Nitex dishes during biweekly
examinations, which usually take place in the morning.

At Fjord & Bælt in Kerteminde, Denmark, the single animal was trained to routinely
exhale on command for medical purposes [27] and was sampled during the regular medical
and research training sessions (Figure 1). To prevent enclosure water contamination, the
first exhale was not collected. Corresponding Nitex and MnCl2 samples were taken in
a randomized order at the start and at the end of a training session to compare their
suitability for adequate sample collection, storage and subsequent analysis.

2.3. Hormone Extraction

2.3.1. Nitex

To extract the entire sample, both the petri dish and the membrane to which the
surfactant-rich portion of blow adhered to [69] were processed. The petri dish was rinsed
with 5 mL distilled water (H2O) to collect any condensate which passed through the
mesh onto the dish. Originally, ether mix (30% tert-butylmethylether, AppliChem GmbH,
Darmstadt, Germany; 70% petroleum ether, Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany) was used directly on the petri dish. However, since the transparent polystyrene
turned blunt on ether contact, this direct method was scrapped in order to prevent potential
sample contamination with plastic constituents or additives. For hormone extraction, both
H2O rinse and membrane were transferred into a sterile 50 mL Falcon tube, and 5 mL
ether mix was added. The closed tube was mixed on a shaker (GFL 3006 Analogue
Reciprocating Shaker, LAUDA-GFL mbH, Burgwedel, Germany) for 60 min. Following
hormone extraction, the membrane was separately centrifuged to collect and include any
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liquid residue prior to freezing at −80 ◦C for about 30 min. Due to the large difference in
freezing points of H2O (0 ◦C) and ether (around −116.3 ◦C), the organic ether phase could
be easily separated from the frozen H2O, followed by evaporation as described below.

2.3.2. MnCl2

Hormone extraction in 5 mL ether mix for 60 min could be directly performed within
the collection tubes. After hormone extraction, the tubes were frozen at −80 ◦C for about
30 min to separate the water-solved MnCl2 from the ether solution.

Following these extraction steps, the organic phase was transferred into 2 mL microcen-
trifuge tubes, and the ether was evaporated using an evaporation centrifuge (Concentrator
5301; Eppendorf Vertrieb Deutschland GmbH, Wesseling-Berzdorf, Germany). Prior to
sample analysis by a commercial solid phase ELISA, 120 µL zero standard solution for
cortisol was added to the remaining invisible hormone pellet.

2.4. ELISA

Due to its technical convenience and cost advantage over gas chromatography, a
cortisol saliva assay (DEMEDITEC Cortisol free in Saliva ELISA, DES6611, Demeditec
Diagnostics GmbH Kiel, Germany) was utilized. This kit is an indirect competitive ELISA
including plates coated with a polyclonal rabbit antibody directed against cortisol, enabling
determination of free cortisol with high sensitivity. According to the manufacturer’s pro-
tocol, the assay’s analytical sensitivity is 0.019 ng/mL, and its dynamic range is between
0.1 and 30 ng/mL. The ELISA cross-reacts with corticosterone (6.2%), cortisone (0.8%),
11-deoxycortisol (2.6%), 11-deoxycortisol (50%), prednisolone (100%), prednisone (0.9%),
7-hydroxyprogesterone (1.3%) and other evaluated steroids (<0.1%). The cross-reactivity
of 7-hydroxyprogesterone and other sexual steroids are weak enough to be considered
insignificant. All analyses were conducted at room temperature in accordance with the
manufacturer’s protocol. First, 50 µL of the cortisol zero standard dissolved hormone sam-
ples, two provided controls (low: 0.23–0.47; high: 1.61–3.35 ng/mL), negative controls, as
well as cortisol calibrator concentrations at 0, 0.1, 0.4, 1.7, 7 and 30 ng/mL (standards) were
thoroughly mixed with 50 µL horseradish peroxidase-conjugated cortisol and incubated
for 60 min. Afterwards, the unbound conjugate was decanted, wells were rinsed four times
with 300 µL diluted wash solution, and residual droplets were removed by striking the plate
on absorbent paper. Subsequently, 200 µL tetramethylbenzidine substrate solution was
added to each well and incubated for 30 min in the dark. Color development was stopped
by adding 50 µL stop solution to each well, and absorbance was immediately determined at
450 nm in a microplate reader (Infinite® F50, Tecan Trading AG, Männedorf, Switzerland).

Due to the minute sample amount and the pilot nature of the study, the samples were
not run in duplicate. Three assays were run to cover all samples. Since glass tubes have
been recommended for liquid extraction [41,44,64] and the used materials had not been
subjected to petroleum ether as solvent in previous studies, negative controls using 50 µL
phosphate buffered saline (PBS; Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany)
were run to examine if the long contact time between solvent and collection device materials
leads to non-specific binding or produces substances that interfere with the assay. To test
extraction efficiency, 50 µL PBS was spiked with 1 ng/mL cortisol standard for mean
recovery. Both, zero control and spike-recovery samples were processed as described and
run ten times. To determine intra-assay coefficient of variability (CV), one extracted blow
sample was reconstituted in 1 mL zero control buffer. In order to have a detectable cortisol
concentration in the diluted blow sample, 0.5 ng/mL of cortisol standard was added and
the sample run 10 times.

2.5. Data Analysis

Raw optical density (OD) values and corresponding cortisol values (ng/mL) auto-
matically calculated using a four-parameter logistic (4PL) curve-fit were generated by the
microplate absorbance reader. By using least squares fitting, 4PL modelling generates a
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predicted standard curve and determines sample concentration, while the R2 value rep-
resents how well a curve fits the generated data. For proof of correspondence between
standard concentrations and sample measurements, the 4PL standard curves of all three
conducted assays were visualized.

To summarize the data set, simple descriptive statistics (mean, SD) were used. Due to
the evolving nature of the study (Figure 2), a direct comparison of all tested methods was
technically unfeasible, and boxplots were created to visualize result differences between all
three methods employed under similar experimental circumstances. Additionally, MnCl2
cortisol levels from a mixed free-ranging, restrained sample pool and one trained harbor
porpoise in human care were visualized through boxplots. Shapiro–Wilk’s method was
used to test all data for normal distribution, while homogeneity of variance among all
sampling methods was verified using the Fligner–Killeen test. All visualizations and
calculations were conducted in R (version 4.0.3 [73]), and a p-value < 0.05 was considered
as significant.

2.6. Suggested Sampling Protocol

Sample collection and processing should always be performed wearing clean gloves.
Sterile 50 mL centrifuge tubes proved to be the best suited collection device for handling
in the field and subsequent laboratory analysis. For successful sample collection, the
Falcon tube should be held approximately five to ten cm above the blowhole (Figure 1),
while three consecutive exhales are being collected straight into the tube. To avoid excess
environmental contamination during blow collection from animals in water, the first exhale
should be excluded. The Falcon tube should be closed immediately after sample collection
and kept cool until subsequent analysis or stored frozen at −20 ◦C as soon as possible.
For hormone extraction, after adding 5 mL 30% tert-butylmethylether mix to each sample,
the tubes should be closed and placed on a shaker for 60 min. Afterwards, the organic
phase should be transferred into microcentrifuge tubes, and the ether should be evaporated
with an open lid in an evaporation centrifuge. A total of 120 µL zero standard solution for
cortisol should be added to the hormone pellet and the manufacturer’s ELISA protocol
(Section 2.4.) followed for sample analysis.

3. Results

3.1. Evolving Sampling Methodology

For direct method comparison, one Nitex and one MnCl2 sample were collected
in a randomized order from the same individual during 19 sampling sessions. Due to
the assay’s dynamic range (0.1–30 ng/mL), two MnCl2 and four Nitex samples below
0.1 ng/mL and their counterparts had to be excluded, leaving 13 comparable samples
for analysis. However, neither the measured cortisol concentration results for MnCl2
(mean = 0.248, SD = 0.123) or Nitex (mean = 0.272, SD = 0.167) nor visualization through
boxplot showed a device advantageous for sample collection. As both methods included
additional steps during laboratory processing, a more simplistic set-up was sought (Figure 2).

Hence, 50 mL centrifuge tubes without an additional collection membrane or hormone
stabilizer, hereafter referred to as “Falcons”, were subsequently trialed (Figure 1B). All
Falcon samples were collected from the same individual as the jointly collected Nitex and
MnCl2 samples.
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Figure 2. Flowchart clarifying the study’s developing process.

3.2. Sampling Results

All animals revealed a very small, often invisible exhale volume. Hence, measurement
and quantification of the actual sample volume were not feasible and standardization
proved impossible. Using 4PL-fitted calibration curves by means of the known standard
concentrations (0, 0.1, 0.4, 1.7, 7, 30 ng/mL), the unknown sample concentrations were
calculated. All measured values defined a corresponding curve (R2 = 0.9986/0.9996) and
could be included in the study (Figure 3).

Figure 3. Four-parameter logistic (4PL) curve-fit (calculated concentrations vs. raw optical density

(OD) measurements) including 0.1, 0.4, 1.7, 7, 30 ng/mL cortisol standard concentrations (red

diamonds), low and high controls (blue triangles) and blow sample data points (turquoise dots) for

all ELISA results (n = 120). The three different curves correspond to the three assays that were run.

As the actual sample concentrations were unknown, 1 was applied as dilution factor for modelling.
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For the negative control tests, all measured samples including mean and SD were
<0.1 ng/mL, while intra-assay CV was determined to be 12.8%. The mean result of spike-
recovery tests was 81.4% (+/−0.12).

For this pilot study, 120 samples (34 Nitex, 45 MnCl2 (26 from wild captures), 41 Fal-
cons (4 from wild captures)) were available, which showed a nearly equal mean cortisol
concentration between collection devices (Figure 4).

Figure 4. Result distribution among collection devices of all available, but independent samples (n = 120). All blue samples

were collected with the Nitex dish, all red ones with MnCl2 tubes and all green ones with the Falcon method. Means of the

different sample types are indicated by a thin line (samples below 0.1 ng/mL were excluded). All wild capture samples

derived from different individuals.

Ten samples, however, showed cortisol values below 0.1 ng/mL (six Nitex, three
MnCl2, one Falcon) and were hence omitted from further evaluation. The remaining
110 samples consisted of 42 MnCl2 samples (0.118–0.577 ng/mL; mean = 0.300), 28 Nitex
samples (0.102–0.937 ng/mL; mean = 0.326) and 40 Falcon samples (0.105–0.740 ng/mL;
mean = 0.301).

A total of 67 samples collected from the same individual under comparable circum-
stances were used for methodology comparison. A boxplot analysis (Figure 5) showed
that the mean cortisol levels of the three methods were similar, while the MnCl2 (n = 17;
mean = 0.259, SD = 0.118) and Nitex (n = 16; mean = 0.266, SD = 0.151) results were of
greater variability than the Falcon (n = 34; mean = 0.280, SD = 0.116) results. However, the
variances were not significantly different (Fligner–Killeen: medX2 = 1.209, p = 0.546).

The 42 MnCl2 samples could be further subdivided into 17 samples (mean = 0.259,
SD = 0.118) from one trained individual collected under controlled conditions, while
25 samples (mean = 0.327, SD = 0.109) were derived from random live capture events of
free-ranging animals. Boxplot comparison (Figure 6) shows that the median of the trained
individual lies outside the interquartile range of the free-ranging sample pool, indicating a
difference in cortisol concentrations between the two groups, though statistical comparison
was not possible due to the different nature (within and between subjects) of the data.



Animals 2021, 11, 907 9 of 16

Figure 5. Boxplot comparing the result range and distribution between the three different collection

devices among samples from the same individual (n = 67). Outliers are shown as circles, while two

outliers (0.741 ng/mL Nitex, 0.740 ng/mL Falcon) are not depicted.

Figure 6. Comparison of MnCl2 sample results (n = 42) from a trained harbor porpoise (collected

prior to and post training) and a free-ranging sample pool, including the samples opportunistically

collected between 2012 and 2016. Outliers are depicted as circles.

4. Discussion

The feasibility of harbor porpoise blow collection and analysis for hormone detection
was the primary objective of the present study. Using respiratory vapor for cortisol detec-
tion has the demonstrable animal welfare advance of being non-invasive over the currently
available options of sampling serum/plasma, tissue and blubber, as well as being easier
to obtain than feces, urine or saliva. Although DNA has been previously obtained from
harbor porpoise exhalations [66], it was unknown whether hormones could be extracted
from their blow. Yet, a non-invasive stress monitoring method for small odontocetes is
highly desirable, especially when considering critically endangered small cetaceans. Re-
lating to their aquatic lifestyle with prolonged breath-holding requirements, cetaceans
breathe less frequently than terrestrial mammals but exchange large tidal volumes with
extreme efficiency during each breath [47,74,75]. While large whales usually produce a
visible cloud of respiratory vapor [38,39], the much smaller harbor porpoises take rapid
breaths of 2.8–9 L/s exhalation air flow rates [76], with usually invisible exhale condensate.
Nonetheless, large whale blow samples produce no visible mucoid deposit and broadly
vary in their water and organic content, making sample volume assessments impossi-
ble [31,69]. Similarly, we were not able to quantify or standardize collected sample volumes
nor account for sample dilution variability. Additionally, the acquired blow amount is
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highly variable due to extrinsic and intrinsic factors [31], like hormone presence in ambient
water being amplified through hormone extraction [45], or exhale intensity determining
how much breath condensate can be captured [28,75,77]. Whereas we were able to exclude
excessive pool/seawater contamination with high certainty, we still want assay interference
through exogenous material and individual differences in exhale strength, both potentially
influencing the resulting concentrations, to be the attention of future studies [64].

One clear limitation and challenge of the present study was the limited number of
harbor porpoises in human care worldwide. Since all four animals available for the present
study were female, sex differences could not be taken into account. However, a discrepancy
between factors affecting cortisol levels, like life history traits (sex, age, reproductive state)
should be considered in future studies as previously suggested (e.g., [31,78]). Previous
studies on larger whales used membranes as the collection device, so the viscous part of
the sample could adhere to the mesh [31,36,40,41,43,64,69]. As Nitex membranes showed
best sample volume recovery and less assay interference [43], while polystyrene dishes
proved most efficient regarding accuracy and precision [64], we chose polystyrene petri
dishes covered by Nitex mesh as the main set-up for our trials. Due to the fact that
many plastic products release estrogen-like chemicals [79], and endogenous hormones
were masked by methodology-related factors in a study that subsequently deemed blow
unsuitable for endocrine monitoring in bottlenose dolphins [45], choosing the correct
collection and storage materials is crucial for hormonal studies. Since the Falcon method
is recommended for further studies and all extractions were performed in Falcons, the
negative control tests were performed solely with the 50 mL centrifuge tubes. Their
results show that no demonstrable interfering substances were extracted from the used
Falcon tubes, while the microcentrifuge tubes used for evaporation have been used for
ether extraction without interferences for several years, indicating that the detected values
are true cortisol levels from respiratory vapor. Since all available samples were used to
demonstrate assay detection, no additional blow samples were available for spike-recovery
experiments and PBS was used to mirror diluted blow samples for recovery tests of known
hormone doses from Falcons. However, as the recovery was not >90%, it is uncertain
if the 50 µL PBS solution accurately reflects blow samples. Therefore, future studies
might consider the comparative use of glass tubes for spike recovery tests. Additionally,
1 ng/mL cortisol was spiked into PBS, a concentration much higher than any blow sample
measurement. However, as recovery can vary across concentrations, a broader range
should be covered in future experiments. Testing for parallelism using serial dilutions
was also not possible. Hence, we cannot ascertain that the binding characteristics of blow
cortisol are the same as for the calibrator. Not having a full assay validation limits the
confidence in the assay’s ability to produce reliable results for its intended use. Nonetheless,
now that it was proven that three exhales produce ELISA results, future studies can perform
more streamlined tests by collecting several samples at the same time and performing
proper validations, including parallelism and spike-recovery tests, as well as correlation
with serum values. Several previous studies on cortisol concentrations have used gas or
liquid chromatography/mass spectroscopy for sample analysis [32,35,36,38,40], which is
more efficient for multiple analytes but also more costly than immunoassay techniques. As
the DEMEDITEC Cortisol free in Saliva ELISA has proven reliability in different domestic
and wildlife species and matrices, e.g., for successful glucocorticoid determination in
koala (Phascolarctos cinereus) feces [80], lachrymal fluid and saliva of harbor seals (Phoca
vitulina) [81], as well as in saliva of different domestic species e.g., [82], this ELISA was
chosen for this study. However, any medications containing cortisol, prednisolone or
their derivates will significantly influence its results. Hence, respective drug use in study
animals needs to be considered as an exclusion criterion for any glucocorticoid ELISA. The
presented results show that harbor porpoise blow samples are productive enough to yield
cortisol results through ELISA, confirming that immunoassays are a suitable, low-cost
analytical method [69]. While Hogg et al. added a broad-spectrum antibiotic to their
samples to prevent any degradation during storage [36,38], this was deemed unnecessary
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in the present study and in other studies [31,41,45,69]. As all older samples from live
captures still yielded reasonable and anticipated results, major cortisol degradation over a
prolonged storage time (max six years) appeared unreasonable for MnCl2 supplemented
samples, supporting the longevity and stability of cortisol and the effectiveness of MnCl2
as a hormone stabilizer. Still, some level of degradation cannot be excluded. Hence, future
studies should investigate the long-term stability (temperature and time) of cortisol and
other hormones in Falcon samples without additives.

For improved hormone recovery, the petri dishes required rinsing [31,41,64,69] and
centrifugation of the membrane as additional steps, while both Nitex and MnCl2 sam-
ples needed freezing for solvent separation from additives, making these methods more
error-prone during laboratory processing. As the Falcon method required no additional
processing steps, it is the superior method from a practical perspective. From an analytical
point of view, result comparison between all collection devices also indicates that Falcon
samples most likely yielded the most reliable results. The smaller variation in concentration
for the Falcon method may indicate assay interference or contamination and sample loss
during the additional processing steps of both Nitex and MnCl2 methods. This may also
be reflected by the fact that six Nitex and three MnCl2 samples yielded results <0.1 ng/mL,
while only one Falcon sample had to be excluded from the study. Similarly, we cannot
exclude some binding of hormone to the dry centrifuge tubes, resulting in the smaller
interquartile concentration range of the Falcon samples. Since our original aim was to
prove whether blow can be used at all for hormonal analysis, the three devices were not
tested with standardized cortisol concentrations. This would, however, be necessary to
reliably determine the most dependable collection device and could be tested in a future
study. Nevertheless, a significant negative effect through permanent hormone binding to
any of the collection devices can probably be excluded, while varying intrinsic factors at
different sampling months and time-of-day fluctuations rather than the used sampling
method appear reasonable to explain the differences in results.

The anticipated, visibly higher mean cortisol concentrations in free-ranging live cap-
tured harbor porpoises in comparison to a trained individual support previous findings
that animals performing voluntary husbandry behaviors are less stressed [27], and that
individuals probably respond very differently to restraining and interventions, as highly
variable cortisol concentrations have been previously observed [28]. Since half of the
trained animal’s samples were collected at the end of the training sessions, a potential
exercise-induced increase in cortisol levels needs to be considered, which could account
for some of the higher values. Furthermore, this would support the conclusion that blow
cortisol levels do relate to the actual physiological state of the individual. This indicates
that blow is a promising matrix for studying and monitoring acute cortisol levels and
probably other hormones.

Prior to this study, some initial blow samples of three opportunistically collected
exhales had been analyzed for cortisol, testosterone and estrogen levels by a commercial
laboratory, but the majority of these results were below the detection limit. Hence, we
anticipated that three exhales were not sufficient to yield results. As Frère et al. collected
four to six exhales from bottlenose dolphins for their DNA study [65], a maximum of ten
consecutive porpoise exhales was deemed appropriate for a useful endocrine sample and
still a feasible amount for one individual. Interestingly, our results show that three exhales
are sufficient for successful cortisol detection through immunoassay, if hormone extraction
is performed in accordance with the protocol presented here (Section 2.6.). Future studies
should investigate whether hormone detection is possible with even fewer exhales, and
both saliva and Harderian gland secretion (mucous-like tears) should also be considered as
matrices for hormone sampling of animals in human care.

Originally, analyzing both cortisol and dehydroepiandrosterone (DHEA) for corti-
sol/DHEA ratio comparisons was considered as a possibility, because though cortisol is a
major parameter in the endocrine stress response, its use as a single analyte for stress is
problematic (e.g., [30,83]). Additionally, the cortisol/DHEA ratio appears to be a better
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tool for chronic stress evaluation than cortisol alone [82]. However, due to the failure
of the initial commercial blow analyses as well as the minimal collected sample amount
from harbor porpoises and because even with large whale blow samples most biomarker
assays show results close to their detection limit [31], the current analysis was limited to
one analyte (cortisol) only. Nevertheless, more sensitive diagnostic techniques or future
sample dilution trials may overcome this current limitation and allow for multiple analyses
and respective assay accuracy testing. Additionally, microorganisms, DHEA and other
parameters may also function as disease biomarkers in the future [82,84,85].

To qualify as a suitable diagnostic tool, hormone measurements from blow must be
quantifiable [31]. Examining blow hormone ratios rather than absolute levels has been
proposed as a way to account for variable dilutions [41]. Urea as an independent biomarker
in large whale blow samples concurred with qualitative respiratory fluid evaluations,
suggesting that urea could be used to correct for variable sample dilutions [31]. Hence, if
harbor porpoise samples allow for additional assays, we suggest investigating the possi-
bility of also using urea or other internal controls for sample correction in future harbor
porpoise blow studies. Additionally, physiological validation should follow as the next step
to evaluate blow as an endocrinological monitoring matrix for harbor porpoises. Future
studies should compare cortisol levels in blood and blow samples and include environ-
mental water (control) samples to determine the degree of exogenous assay interference
and confirm hormone presence within the blow samples rather than it resulting from water
contamination. As vertebrate cortisol levels follow a diurnal rhythm and seasonal fluctua-
tions (e.g., [23,86,87]), sampling season and time at collection also need to be considered in
future studies. Due to their elusiveness, short surfacing behavior and rapid breathing, blow
collection from free-ranging porpoises and other small cetaceans is difficult [54,66,88] and
there are still considerable challenges before blow collection can be applied to free-ranging
individuals. Yet, this pilot project is the cornerstone of a promising non-invasive health
and stress monitoring tool that, if further developed, could improve the overall diagnostic
value of blow analysis and be used to assess stress levels, other endocrine functions and
diseases in porpoises. It will be particularly useful in rehabilitation where baseline values
are not necessarily needed, since individuals can be frequently monitored for trends, and
treatments can be amended accordingly. Thus, follow-up future studies could benefit
harbor porpoise endocrine research, health management and ultimately conservation.
If further advanced, the presented method can additionally be adapted to other small
cetacean species in permanent human care and rehabilitation.

5. Conclusions

In this pilot study, three different methods were tested for blow sampling from harbor
porpoises. We demonstrated that their exhaled breath condensate contains a sufficient
amount of organic material to function as a matrix for hormone analysis, so that cortisol
can be successfully recovered from all tested devices, and that immunoassays are feasible
for hormone detection in harbor porpoise blow. The study identified a sterile 50 mL
polypropylene centrifuge tube as being the most suitable device for effectively collecting,
storing and analyzing blow samples, while three consecutive exhales produced results.
Thus, the method is simple and cost-effective. Future studies on porpoise respiratory
samples including validations (physiological validations, determination of reference ranges,
etc.), other hormones and internal controls are needed to advance blow sampling as a
viable non-invasive technique for assessing the physiological and endocrine condition
of porpoises.
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Discussion  

Lungworm infections in harbour porpoises (Phocoena phocoena) in the 

German Wadden Sea between 2006 and 2018, and serodiagnostic tests 

To gain deeper insight into the relevance of lungworm infections in German North 

Sea harbour porpoises, their prevalence was analysed in animals stranded on the 

shores of S-H over a 13-year period (2006–2018). The retrospective data analysis 

revealed a 45.6% (118/259) prevalence of lungworm infections in the investigated 

harbour porpoises. Additionally, severe nematodiosis was the most common 

finding in 39% of the investigated animals, while more than half (57.6%, 68/118) 

of the lungworm positive porpoises were immature. Somewhat higher prevalences 

ranging between 57% and 68% have previously been described for the 

Netherlands, Denmark and Poland (Lockyer & Kinze, 2003; Siebert et al., 2020; 

ten Doeschate et al., 2017), which was probably influenced by the age structure 

of the examined individuals. Contrary to the moderate general prevalence of 

45.6% in the present study, of which 22.9% were mild infections, findings in 

Nordic countries had markedly higher prevalences (80%-98%), but also 

noticeably more occurrences (59%-68%) of only mild infections, and no severe 

levels of lungworm infection (Balbuena et al., 1994; Lehnert et al., 2014; Siebert, 

Tolley, et al., 2006). This probably reflects the poor health condition of many 

harbour porpoises in the Baltic and North Seas (Lehnert et al., 2005; Siebert et al., 

2001, 2020; Siebert, Gilles, et al., 2006). However, these figures might also 

indicate the bias of strandings towards more health-impaired individuals 

(Kesselring et al., 2017), especially since Anderson & Gordon (1982) proposed 

that only a few hosts harbour a major proportion of parasites, while the majority 

only harbour a few.  

Previous phylogenetic investigations of some members of the Metastrongyloidea 

showed a close relationship between marine mammal lungworms and a sister 

group relationship of the cattle lungworm Dictyocaulus and Metastrongyloidea 

(Carreno & Nadler, 2003; Chilton et al., 2006; Lehnert et al., 2010). Additionally, 
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a close phylogenetic relationship between P. inflexus (Pseudaliidae) from harbour 

porpoises and Parafilaroides gymnurus (Filaroididae) from harbour seals was 

found (Lehnert et al., 2010). This served as basis for the adaptation of an MSP-

ELISA, previously established for harbour seals (Ulrich et al., 2016), to harbour 

porpoise lungworms. However, reliable discrimination between lungworm 

negative and positive samples failed and immunoblotting was performed as an 

alternative serodiagnostic test to reveal anti-lungworm antibodies. Still, the 

diagnostic antigen was irregularly recognised in both positive and negative 

samples, preventing reliable discrimination.   

A reason why the diagnostic antigen was recognised by presumed negative 

samples could be a misclassification of those samples. Although the majority of 

lungworm cases are coinfections (Balbuena et al., 1994), an H. invaginatus 

infection may be overlooked at necropsy due to the nematodes’ small size. 

Additionally, lungworm detection during bronchoscopies is limited to the larger 

bronchi. However, it is most probable that the results simply show unspecific 

binding.  

It also remains questionable why the majority of positive samples did not result 

in clear MSP bands during immunoblotting. One reason for the failure of both 

MSP ELISA and immunoblot might be the MSP characteristics. Cattle should 

only be used with caution as a model for cetacean immunogenetics, since 

differences in gene loci among major histocompatibility complex classes might 

hint at similar discrepancies within their adaptive immune responses (Ruan et al., 

2016; Sá et al., 2019). Hence, Dictyocaulus MSP might not function as a 

diagnostic antigen in harbour porpoises, and an analysis of the persistence of 

lungworm anti-MSP antibodies could not be conducted. 

Since MSP is a sperm component, it is solely expressed by adult male nematodes 

(Schnieder, 1993). Consequently, the host develops antibodies against MSP after 

the parasites reach maturity, and its diagnosis is restricted to patent infections. For 

the positive samples, it is unknown whether the observed infections were patent 
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or not. In cattle, the onset of seroconversion is 26-41 days post infection (de 

Leeuw & Cornelissen, 1991; Schnieder, 1992; Tenter et al., 1993; von Holtum et 

al., 2008). In marine mammal lungworms, however, information on the life cycle 

and developmental timeframes is scarce and only few genera have been 

investigated (Bergeron et al., 1997; Dailey, 1970; Houde et al., 2003; Lehnert et 

al., 2010). Since the date of infection and infection intensity are unknown and 

variable in free-ranging naturally infected individuals, their infection status and 

parasitic phase can often only be assumed. Controlled experimental infections 

would be necessary to clarify durations until patency onset, or seroconversion and 

antibody formation after infection. However, experimental infections are both 

unethical and illegal in protected species (Lehnert et al., 2019; Levin, 2018) and 

would also not be realistic regarding the high number of animals required to 

evaluate a serological test.  

As the majority of sampled harbour porpoises were immature (84%), it could be 

possible that these infections had not progressed sufficiently enough to detect 

MSP serologically in several cases, although these animals were proven positives. 

Nonetheless, since no significant differences between MSP detection in adults and 

immatures were found and all immunoblot results were irregular, late prepatency 

or early patency is probably not an explanation for the poor detection rate among 

positive animals. A reason could be that lungworm MSP is not immunogenic or 

only slightly immunogenic in harbour porpoises. In this case, the positive bands 

some animals showed could be unspecific cross-reactions and a result of the long 

signal development time (five minutes), or true positives, as only a few animals 

recognised the MSP due to generally low immunogenicity.  

Another possible explanation might be differences in the individual immune 

response due to differing underlying health conditions and general weakening. 

Lymphoid organ depletion and impaired peripheral blood leukocyte functionality 

indicative of immune exhaustion suggest an impaired cellular immune response 

in diseased harbour porpoises (Beineke, Siebert, Stott, et al., 2007; Lehnert et al., 
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2019). Additionally, pathogens like cetacean morbillivirus, herpesvirus, 

Toxoplasma gondii and Brucella ceti caused immune response impairment (Di 

Guardo et al., 2019). Thus, imbalance of immune homeostasis through stress and 

other factors might lead to a more severe parasite impact or an increase in parasite 

burden. This might be part of the explanation for the high rate of severe lungworm 

infections (39%) found in the retrospective analysis. Compared to animals from 

other regions, the Baltic and North Sea harbour porpoises appear to be more 

stressed and/or diseased individuals (Lehnert et al., 2005; Siebert et al., 2001, 

2020; Siebert, Gilles, et al., 2006). Hence, it could be speculated that failure of 

antibody production in immunologically frail individuals could explain the 

negative serodiagnostic results of actively infected individuals. However, without 

further research, this hypothesis remains speculative.  

Certain helminths induce a chronic immune response and can survive a long time 

in their hosts (Nutman, 2015). In harbour porpoises, an increase in lungworm 

prevalence with age (30.9%–53.6% immatures, 96.8%–100% >1-year-

olds/adults; Clausen & Andersen, 1988; Lockyer & Kinze, 2003) might indicate 

a lack of protective immunity leading to nematode accumulation throughout their 

life-time (Measures, 2001; Lehnert et al., 2005, 2014; ten Doeschate 2017). 

However, with the currently available knowledge it is impossible to discern 

whether infections in adults are persistent (acquired as immatures with subsequent 

protection against reinfections through immune trapping), or cumulative 

reinfections due to either an insufficient or lacking host immune response.  

An optimal host response to helminth infection balances parasite tolerance and 

immunoreaction without significant tissue damage (Nutman, 2015). The 

eosinophilic type 2 response is an essential component of the protective immunity 

against nematodes, which primarily occurs in the early infection phase around 

patency (Allen & Maizels, 2011; Babu & Nutman, 2014; Maizels et al., 2009) and 

is usually focused on the larva or its somatic migration (Ruiz‐Manzano et al., 

2019). This might explain why Jauniaux et al. (2002) found more severe 
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bronchopneumonia lesions associated with larvae (of unidentified nematodes) 

than with adults, and in the case of Stenurus sp., Howard et al. (1983) found acute 

inflammatory reactions only around larvae. Still, certain helminths like the rat 

hookworm Nippostrongylus brasiliensis are eliminated by the type 2 immune cell 

response (Dent et al., 1999), while harbour porpoise lung nematodes appear to 

survive this eosinophilic attack. Chronic infections and probably less acute 

inflammatory reactions associated with adult nematodes could also suggest a 

nematode immune evasion strategy to eosinophil and antibody attacks (similar to 

for example Toxocara canis; Długosz et al., 2015; Maizels, 2013), or suppression 

of immune regulatory pathways preventing protective Th2 immunity (Allen & 

Maizels, 2011; Maizels et al., 2004). 

Their high host specificity suggests a strong co-evolutionary history of 

pseudaliids and odontocetes (Anderson, 1982, 1984; Durette-Desset et al., 1994). 

Host behaviour and immune defences may have altered pathogenicity of parasites, 

while parasites probably exerted selective immunological and behavioural 

pressures on their hosts. This arms race between harbour porpoises and their 

nematodes might have reached a possible state of equilibrium, especially since 

Anderson & May (1982) concluded that a 'well-balanced' host-parasite 

association is not equivalent to harmlessness of the parasite. Still, without 

additional data on host immunology and parasite ecology this theory remains 

speculative. It can be assumed that the severity of pulmonary parasitoses is a 

multifactorial process, reflecting not only individual health but also shedding light 

on ecosystem covariances as well as direct and indirect environmental impacts. 

Serological tests for lungworm detection in harbour porpoises remain desirable to 

provide a sensitive, minimally invasive tool for health monitoring purposes. 

Hence, more studies on harbour porpoise parasites and associated host immune 

reactions are needed. 
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Is harbour porpoise (Phocoena phocoena) exhaled breath sampling suitable 

for hormonal assessments? 

Many different aspects of an individual’s physiology and environment encompass 

its health. These include immune status, contaminant and parasite load as well as 

stress levels (Pettis et al., 2017). There is a need to assess the chronic stress effects 

of anthropogenic activities in wildlife. However, it is technically challenging to 

access wildlife and to measure these without stressing the animal, which has 

hampered progress in stress research of many species (Moberg, 1985; Moberg & 

Mench, 2000). Still, endocrinological monitoring is of major importance for 

animal health and welfare. To tackle the challenges in stress research, 

methodologies need to be developed to collect appropriate non-invasive samples 

from species of interest to be able to establish reliable baseline values over 

prolonged periods (Moberg & Mench, 2000).   

One major advance in cetacean health monitoring over the past decades has been 

the establishment of exhaled breath condensate as an alternative to blood and 

faecal samples (e.g. Hogg et al., 2005, 2009). Blow has mainly served as a matrix 

for measuring steroid hormones, genetics and the microbiome (Yeates et al., 

2020). Similar to blood and saliva samples, blow represents the individual’s acute 

physiological state and hence only a short duration of time (Burgess et al., 2018).  

As harbour porpoise blow had rarely been trialed for endocrinological 

investigations, the presented pilot research comprised a feasibility study that 

sought and succeeded to prove that cortisol and probably other hormones are 

retrievable from the expirate of trained and restrained harbour porpoises. The 

presented results mainly focus on collection and analysis simplicity of the three 

tested sampler devices.  

The trialed approaches for sample collection were based on a blow collection 

protocol for belugas (Delphinapterus leucas) using polystyrene petri dishes 

covered by a Nitex mesh (Thompson et al., 2014) and a method using sterile 50 

mL polypropylene centrifuge falcons (Borowska et al., 2014) with and without 
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Manganese(II) chloride (MnCl2). Sample collection was performed in different 

facilities on diverse occasions, limiting their potential for direct comparison. Due 

to training provisions at the Fjord & Bælt Center in Kerteminde, Denmark, the 

animal was requested to perform the exhale on command 10 consecutive times 

(for the individual not to lose interest in the task and to not change exhale 

intensity), followed by different other tasks. Collection in the different samplers 

took place in a randomised order at the beginning and again at the end of a training 

session to prevent a possible bias in results for one method. Since the porpoise 

was asked to perform certain trained behaviours and tasks like jumping, fast 

swimming, toy retrieval etc., these could be considered as exercises that naturally 

increase the animal’s cortisol levels without being stressful (Hill et al., 2008). 

Hence, there is the possibility that samples taken post training might be higher 

than samples taken from a rested animal prior to training. While the DEMEDITEC 

kit is probably sufficiently sensitive to detect such exercise-related steroid 

increases, further physiological validation of the method is required to confirm 

this assumption. Additionally, the performed exercises need to be known to 

evaluate the true impact of the collection time/exercise on cortisol levels. 

Many different extraction techniques (and solvents) have been developed to 

recover and extract hormone from various sample types (e.g. Hunt, Stimmelmayr, 

et al., 2014; Kellar et al., 2006; Rolland et al., 2005). Since Hunt et al., (2014) 

suggested that blow is best recovered by rinsing with an appropriate solvent, 

liquid extraction was also chosen for the present study. In contrast to the preceding 

large whale blow studies which used ethanol for their sample rinses and as solvent 

(e.g. Burgess et al., 2016; Hunt, Rolland, et al., 2014), an ether mix (30% tert-

butylmethylether, 70% petroleum ether) was used for the present study as it has a 

long track record of extraction success at the endocrinology laboratory of the 

Clinic for Cattle, University of Veterinary Medicine Hannover (e.g. Gundlach et 

al., 2014). The nitex membrane was not subjected to ether as solvent in previously 

published research and the used falcons are known to be only conditionally stable 
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to petroleum ether according to the manufacturer. This raised concern that the 

one-hour long contact time of ether and falcon could feasibly produce substances 

that interfere with the analytical accuracy of the assay due to binding or undesired 

hormonal activity (e.g. Bruning et al., 1981; Preissner et al., 2004). This is one 

reason why glass tubes are recommended for liquid extraction (Burgess et al., 

2018; Hunt, Rolland, et al., 2014; Richard et al., 2017). Still, glass is not a safe 

material to handle throughout unpredictable field sampling conditions or during 

animal training, wherefore plastic devices were chosen for safety reasons. To 

alleviate the concerns of undesired interference, negative controls were run. These 

showed that no interfering substances were extracted from the used falcons. 

Plastics other than tested laboratory specific polymers should be avoided as 

collection, processing and storage devices.  

Handling and storage of both devices were quite simple and effective. Still, the 

centrifuge tubes did not require any previous material assembly, they are easy to 

close after sample collection and the screw cap prevents external contamination, 

while the closed petri dishes need to be kept shut with elastic bands, adhesive 

strips or sealing film wrapped around them. During laboratory processing, Nitex 

and MnCl2 samples needed to be frozen, the petri dishes needed rinsing and the 

Nitex mesh membrane to be centrifuged as additional steps compared to the falcon 

tubes. Therefore, the falcon method showed clear advantages in handling and 

processing, making it the most attractive method for further investigations. To 

truly determine the most dependable collection device, it would be necessary to 

test recovery of all three methods with standardised hormone concentrations (e.g. 

Hunt et al., 2004). 

Due to the invisible nature of the exhale condensate, analysis was limited to 

cortisol as analyte only, and it was not possible to quantify collected sample 

volumes or standardise sample dilution. Although this is a common problem of 

blow samples, they must be quantifiable and the yield recovered from one sample 

should be sufficient to allow for multiple analyses when used as a diagnostic tool 
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(Burgess et al., 2018; Hunt et al., 2012). Hence, further research striving for 

successful application as well as improvements in sample dilution and usage are 

needed.  

The presented results show that there are detectable analytes in the range of 

detection of the used DEMEDITEC kit. However, due to the pilot nature of the 

study and a lack of further sampling material, the chosen assay was not fully 

validated for the intended purpose and an inter-assay coefficient of variation (CV) 

could not be reported. Although this absence reduces confidence in the reported 

measurements, calculating an inter-assay CV was not feasible due to the 

insufficient number of samples and the given number of plates, as an inter-assay 

CV of three plates is not meaningful. Intra-assay CVs should generally be less 

than 10 %, while the reported CV was 12.8 %. Since the reported readings lay on 

the edge of the standard curve, this small discrepancy can be neglected. Marginal 

samples often result in slightly higher CVs (Reed et al., 2002). Additionally, a 

formal test of parallelism should always be performed to demonstrate that the 

measured analyte behaves in a similar manner as the cortisol standard in the assay. 

To test for parallelism, at least three two-fold serial dilutions of the biological 

matrix (blow) which need to be analysed in duplicate are necessary (Novick & 

Yang, 2019). To test for accuracy, blow samples with different concentrations in 

the range of the biological values are needed (Hunt, Rolland, et al., 2014).  Due 

to the minute sample amounts available for the present analysis and the pilot 

nature of the study, parallelism or accuracy tests were not possible, and it remains 

uncertain if the reported measurements were in fact for cortisol. To show that the 

analyte measured in blow samples is indeed cortisol, extraction efficiency tests 

were performed using known hormone quantities and a 50 µL phosphate buffered 

saline (PBS) solution as blow substitute (recovery of 81.4 %), since none of the 

samples were available for spike-recovery tests. Still, extracting from PBS is 

inadequate to test true recovery and a concentration higher than any blow sample 

measurement was spiked into PBS. To determine the actual efficiency of hormone 
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recovery from each method, different tests with varying hormone ratios of blow 

solutions and a dH2O control would be necessary (Hunt, Rolland, et al., 2014). As 

recovery can vary for concentrations, a broad range of hormone dilutions should 

be covered. To perform accurate spiked results tests, cortisol would have to be 

repeatedly administered to an individual in human care and parallel collected 

blood and blow sample results compared. However, similar to lungworm infection 

studies in a protected species, such a test was ethically unjustifiable for the present 

preliminary study design (Lehnert et al., 2019; Levin, 2018). 

Comparing results of the Harderwijk animals who are dry docked for medical 

examinations with the trained individual in Kerteminde who voluntarily 

participates in behaviours, a slight difference between single cortisol results and 

means is evident. This might be due to a respiratory adjustment to compensate for 

the effect of gravity on land (Fahlman et al., 2021). Even if not statistically 

comparable due to the data disparities, the boxplot comparison between the wild 

animals and the trained individual also showed a visible difference in results. This 

was an expected finding (Siebert et al., 2011), which can however be due to many 

factors, including habituation to the requested tasks by the trained animal 

(Desportes et al., 2007), general inter-individual response differences to stressful 

situations like restraining (Moberg, 1985), or simply differing sampling times. 

However, this visible difference in results is an indication for blow actually 

resembling the physiological state of the sampled individual. Still, to verify these 

results, a physiological validation and comparison to blood levels would be 

necessary. 

Now that it has been shown that harbour porpoise blow functions as a matrix for 

cortisol, future studies can focus on physiological validations (blow correlation 

with serum values) as well as proper assay validations, including parallelism and 

spike-recovery tests, to see if blow values actually resemble the animal’s state and 

can be used for further endocrinological studies. 
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As not all stress is of negative origin, like for example increased circulating 

cortisol during the mating season, a simple demonstration of increased secretion 

of adrenal glucocorticoids is insufficient to assess stress (Moberg & Mench, 

2000). For chronic stress assessments, cortisol/dehydroepiandrosterone (DHEA) 

ratio comparisons should be anticipated, as these appear to be a better evaluation 

tool than simply measuring cortisol (Fels et al., 2019). Using such hormone ratios 

or independent biomarkers to correct for variable sample dilutions is additionally 

suggested for future studies (Burgess et al., 2018; Hunt, Rolland, et al., 2014). 

Once blow has been verified by physiological assessments as a feasible matrix for 

hormone detection, baseline values could be established for harbour porpoises in 

human care, taking diurnal and circadian rhythms, seasonal variations, sex, age 

etc. into account. The result of the present study is also promising for future 

studies on the feasibility of blow for sex determination, proteome analysis and 

biomarker targeting for gene expression, as has been done in other species 

(Bergfelt et al., 2018; Yeates et al., 2020). Additionally, as it is believed that new 

data on harbour porpoise endocrinology could support agent-based population 

models (Nabe-Nielsen et al., 2018; Pirotta et al., 2018), establishing blow 

sampling could in the long run aid in better population health dynamic predictions 

in the context of non-lethal disturbance effects. 

In untrained or free-ranging individuals, non-invasive procedures like blow or 

Harderian gland secretion sampling currently still require restraint and handling, 

but nonetheless, sample collection is less harmful then venipuncture (Bechert, 

2011). The presented method will mainly benefit wild animals in temporary 

rehabilitation and those in long-term human care. Additionally, it will also be used 

on free-living by-caught individuals that are investigated for their health status 

prior to release. The further development of blow analysis is therefore of major 

relevance, even if sampling of wild small cetaceans is currently extremely 

challenging (Centelleghe et al., 2020; Raudino et al., 2019). Throughout the past 

year, the Danish Fjord & Bælt Center has obtained two additional harbour 
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porpoises and SOS Dolfijn has started building a new rehabilitation facility for 

small cetaceans in Anna Paulowna, the Netherlands, emphasising the need for 

non-invasive monitoring and health surveillance methods. Hence, many 

individuals can benefit from the enhancement of health monitoring methods and 

future research. Especially for validations and establishing baseline values, which 

are most accurately performed on trained individuals, the presented method has 

great potential, while during rehabilitation, specific baselines are not necessarily 

needed, as the individual could be followed up on an hourly to daily basis to 

observe for trends. If baseline levels can be established for animals in human care, 

these could be used as indicators for the stressfulness of wild animal captures and 

interventions, as well as aid in animal welfare decisions whether bycaught animals 

should at all undergo prolonged handling for research or be released immediately. 

Additionally, through long-term health surveillance and monitoring schemes, 

changes over time can be detected by repeated sampling. This could potentially 

provide means of quantifying different pressures and act as an early warning 

system for health deterioration (IJsseldijk et al., 2020; Peltier et al., 2012; 

Simmonds, 2018) or enable harmful effect thresholds to be determined by 

detecting subtle physiological changes (Acevedo-Whitehouse, 2019). Such an 

early detection of (subtle) physiological deviations and a resulting fast diagnosis 

of health impairment prior to symptom and physical damage development can 

help to proactively manage diseases and improve animal welfare in human care. 

Studying individuals in human care or more abundant populations of a species 

allows for continuous and/or large data collection, which could be extrapolated 

into approximations for endangered or data deficient populations (Cervin et al., 

2020). Hence, abundant harbour porpoises could function as model organisms for 

other more endangered individuals, like for example the Baltic Sea 

subpopulations, the Yangtze finless porpoise (Neophocaena asiaeorientalis 

asiaeorientalis; Mei et al., 2012) or the world’s most highly endangered cetacean, 

the vaquita (Phocoena sinus; Jaramillo-Legorreta et al., 2019; Rojas-Bracho et 
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al., 2019). Thus, novel endocrine monitoring methods could shed light on 

stress(or)-induced physiological changes negatively affecting animal welfare 

(Hodges et al., 2010), and could ultimately contribute to and advance general 

small cetacean research and conservation.  

 

Conclusion 

The presented projects trialed new diagnostic techniques as health monitoring and 

diagnostic tools for lungworm infection and endocrinological surveillance in 

harbour porpoises.  

The 13-year retrospective data analysis showed that stranded German North Sea 

harbour porpoises are regularly infected with pseudaliid lungworms (45.6% of all 

investigated animals), often suffering from severe infections. Since lungworm 

detection is usually a post-mortem diagnosis or determined through invasive 

bronchoscopy in live individuals, serodiagnostics for a positive diagnosis in live 

porpoises are desirable. Both tested ELISA and immunoblot using the nematode 

specific recombinant MSP of the cattle lungworm showed no clear optical density 

value discrimination nor specific band patterns on defined lungworm positive and 

negative serum and whole blood samples in varying dilutions, nor with two 

different secondary antibodies. Hence, both the evaluated MSP-ELISA and MSP-

immunoblot proved unsuitable as serodiagnostic tests for lungworm infections in 

harbour pospoises. The reasons for this unexpected outcome remain questionable, 

and further research into host immunity, pseudaliid life cycles and evasion 

strategies is warranted.  

Testing blow as a non-invasive matrix for cortisol detection through a saliva 

ELISA resulted in successful recovery from all three tested sampling devices. 

Even though full assay validation was not possible due to the preliminary nature 

of the study and constraints with the available samples, the study demonstrated 

that harbour porpoise breath condensate of three consecutive exhales contains a 

sufficient amount of organic material for cortisol detection. For simplicity in 
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handling and processing, a sterile 50 mL polypropylene centrifuge tube is 

recommended as the best device for future collection, storage and analyses of 

blow samples.  

The research presented in this thesis provides a solid baseline for follow-up 

studies. Using diagnostic antigens other than Dictyocaulus MSP to detect 

lungworm infections could lead to the desired breakthrough, as serological tests 

remain the preferred diagnostics for cared for individuals and could reveal 

epidemiological dynamics of lungworm infections in wild harbour porpoises. 

Subsequent steps in the advancement of blow as a medium for endocrinological 

studies would be acquisition of new blow samples in conjunction with serological 

samples for physiological validation to establish baseline values for individual 

harbour porpoises in human care. Non-invasive sampling would take age, sex, 

biological rhythms, seasonal variations, exercise- induced changes etc. into 

account. Additionally, full assay validations, including sufficient samples for 

inter- and intra-assay CV calculation, formal tests of parallelism, spike-recovery 

and accuracy tests, trialling urea or other independent biomarkers as internal 

controls to correct for variable sample dilutions, as well as expanding sample 

analyses to other analytes (especially DHEA for ratio comparisons with cortisol) 

are needed to advance blow sampling into a viable non-invasive physiological and 

endocrine assessment technique. 

If both methods can be successfully advanced in the future, they would 

significantly improve clinically relevant diagnostics for cared for individuals, give 

further insights into the health status of the free-ranging population (e.g. capture-

release studies) and could jointly help to better understand the interaction of 

lungworm infections and stress in harbour porpoises.  
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