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Humans impact natural systems at an unprecedented rate. The North Sea is one of the regions in the world with the highest levels of anthropogenic activity. Here, the harbor porpoise (Phocoena phocoena) is an abundant species and is often regarded as an ecosystem sentinel. A post-mortem surveillance program was established in the Netherlands aimed at increasing knowledge of the effects of human activities on harbor porpoises. In this study, we describe the pathological findings related to anthropogenic and natural causes of death categories in 612 harbor porpoises that stranded between 2008 and 2019, and assess their relations to age, sex, season, and location. The largest anthropogenic category was bycatch (17%), with mainly juveniles affected and peak periods in March and September–October. Other, infrequently diagnosed anthropogenic causes of death were trauma (4%), largely most likely due to ship collisions, and marine debris ingestion and entanglement (0.3%). The risk of dying from anthropogenic causes was highest for juveniles. Lesions compatible with noise-induced hearing loss were investigated in carcasses which were fresh enough to do so (n = 50), with lesions apparent in two porpoises. Non-direct human-induced threats included infectious diseases, which were by far the largest cause of death category (32%), and affected mainly adults. Also, gray seal (Halichoerus grypus) attacks were a frequently assigned cause of death category (24%). There were more acute predation cases in the earlier study years, while porpoises with lesions that suggested escape from gray seal attacks were diagnosed more recently, which could suggest that porpoises adapted to this threat. Our study contributes to understanding porpoise health in response to persisting, new, emerging, and cumulative threats. Building up such knowledge is crucial for conservation management of this protected species.
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1 Introduction

Harbor porpoises (Phocoena phocoena) are charismatic and protected animals, with a broad societal, scientific, and political interest in their health and wellbeing (Evans and Hammond, 2004; Peltier et al., 2013; Evans, 2019). Harbor porpoise habitat includes both offshore and nearshore waters of the Northern Hemisphere (Evans and Hammond, 2004; Hammond et al., 2017; Nielsen et al., 2018). The harbor porpoise is currently listed as ‘least concern’ by the International Union for Conservation of Nature given their large global population size, which is likely well over a million individuals (Braulik et al., 2020). Nevertheless, for most geographical areas, population trends are unclear and there are numerous threats posing conservation concerns (Hammond et al., 2008). These concerns result from the frequent and emerging exposure of marine ecosystems to human activities (Aguirre and Tabor, 2004; Evans and Hammond, 2004; Halpern et al., 2008; Tyne et al., 2016; Wisniewska et al., 2018). As a result, harbor porpoises are key elements in many environmental monitoring programs (ASCOBANS, 1992; Evans and Hammond, 2004; Camphuysen and Siemensma, 2011; Bjørge and Tolley, 2018; Evans, 2019; LNV, 2020). These programs generally aim to increase knowledge of human-related activities impacting the environment and ultimately to protect and conserve species and their habitats.

The North Sea is one of the regions in the world with the highest level of anthropogenic activity and associated anthropogenic stressors (Halpern et al., 2008; Halpern et al., 2015; Nachtsheim et al., 2021). Harbor porpoise numbers in the Greater North Sea are estimated at around 350,000 individuals (Hammond et al., 2002; Hammond et al., 2013; Hammond et al., 2017). Porpoises are impacted by fishery activities through accidental bycatch, with underwater entanglement hampering them from air breathing, and competition for food (Kirkwood et al., 1997; Leeney et al., 2008; Dolman et al., 2016). Also, chemical pollution from persistent organic pollutants (Pierce et al., 2008; Weijs et al., 2009; Jepson et al., 2016; van den Heuvel-Greve et al., 2021), and underwater noise pollution from shipping (Wisniewska et al., 2018), seismic surveys, and unexploded ordnance detonations (von Benda-Beckmann et al., 2015; Aarts et al., 2016; Siebert et al., 2022) are known threats. More recent concerns and emerging threats include habitat loss due to the rapid growth of offshore activities related to the construction of wind farms (Madsen et al., 2006; Gilles et al., 2009; Teilmann and Carstensen, 2012) and the broadscale effects of climate change, including habitat degradation and changes in food quality and quantity (Simmonds and Isaac, 2007; Burge et al., 2014). These single and cumulative stressors threaten the direct survival of individual porpoises but may also induce nonlethal effects impacting population viability (Aguirre and Tabor, 2004; Evans and Hammond, 2004; Halpern et al., 2008; Tyne et al., 2016; Wisniewska et al., 2018).

Marine mammals are difficult to study at sea, but stranding records provide unique and cost-effective opportunities for surveillance purposes (Peltier et al., 2013; ten Doeschate et al., 2018). Stranding frequency in North Sea-bordering countries has increased since the 90s and has been particularly high in the southern part since 2005 (Camphuysen, 2004; Camphuysen et al., 2008; IJsseldijk et al., 2020a). Due to the statutory requirements of international legislation in combination with the high stranding numbers, stranding networks that record harbor porpoises and other cetaceans found ashore have been implemented decades ago in most North-Western European countries. Initiated post-mortem programs in order to sample stranded animals and monitor their causes of mortality and health status were initiated in association with these (Camphuysen and Siemensma, 2011; Peltier et al., 2013; ten Doeschate et al., 2018; LNV, 2020). In the Netherlands, post-mortem investigations have been conducted at the Faculty of Veterinary Medicine (Utrecht University) since 2008. The metrics routinely collected include pathological findings to investigate disease and causes of death, data on demographics, nutritional condition, and diet, and on marine debris ingestion. In addition, since 2010, special attention has been given to pathology indicative of hearing loss due to potential anthropogenic activities. Here we provide an overview of the causes of death of porpoises that were stranded in the Netherlands, as well as any pathology related directly to human activities. This knowledge is crucial for management, as it helps to understand how this protected species is vulnerable to certain human activities.



2 Materials and methods


2.1 Post-mortem examinations

Post-mortem examinations followed internationally standardized guidelines (IJsseldijk et al., 2019). In short, at the start of each post-mortem examination, external features were photographed. The data collection included date and location of stranding, sex, total body length (in cm), and mass (in kg). Animals were assigned to three age classes based on length: neonate (<90 cm), juvenile (90–130 cm), and adult (>130 cm), with the final differentiation between juveniles and adults made based on gonadal appearance. Nutritional status was assessed based on visual examination of the dorsal musculature, visceral fat, and blubber thickness measured immediately anterior to the dorsal fin at three locations (dorsal, lateral, and ventral, in mm). Nutritional condition was assessed on a six-point scale with one representing very fat and muscular animals and six representing emaciated animals. This was later grouped into three categories: good (NCC1–2), moderate (NCC3–4), and poor (NCC5–6). Additionally, all carcasses were given a decomposition condition code (DCC) at the time of necropsy, from DCC1 representing very fresh carcasses to DCC5, representing mummified carcasses or remains. Parasite loads were recorded for four major organ systems: lungs, liver, cranial sinuses (peribullar and pterygoid), and tympanic cavities, and stomachs. If parasites were present, the infection was categorized as (1) mild, with approx. 1–20 nematodes or <10% of the organ affected by trematodes, (2) moderate, with approx. 21–50 nematodes or 10%–30% of the organ affected by trematodes, or (3) severe, with approx. >50 nematodes or >30% of the organ affected by trematodes. The dates were later grouped by season, as winter: December–February, spring: March–May, summer: June–August, and autumn: September–November. Locations were grouped from south to north as: Zeeland; the mainland provinces of Noord-Holland and Zuid-Holland; the Wadden Sea islands (Texel, Vlieland, Terschelling, Ameland, and Schiermonnikoog); and Noord-Nederland (the mainland coasts of the provinces of Friesland and Groningen).

Live stranded harbor porpoises were submitted for rehabilitation at the SOS Dolfijn Foundation in the Netherlands until 2016. Porpoises that entered the rehabilitation center and (eventually) died there are further discussed elsewhere (van Elk et al., 2019). In the presented study, we referred to live-stranded individuals based on eyewitness reports of alive porpoises on the beach or on the presence of ante-mortem scavenging lesions. After the rehabilitation center closed in 2016, live stranded harbor porpoises that were euthanized based on welfare grounds were included in this study. None of the authors involved in this study took part in the decision-making around living with stranded individuals.

For this study, all cases in DCC1–3 for which the post-mortem investigation included gross- and histopathological assessment and for which external photographs were available were included (n = 612). Of these 612 porpoises, a range of tissue samples (for details see: IJsseldijk et al., 2019) was fixed in 10% neutral buffered formalin, embedded in paraffin, sectioned at 4–7 µm, stained with hematoxylin and eosin (HE) and microscopically examined. In the Results section, we give percentages of the number of cases out of the total number of cases assessed, since this could vary depending on carcass completeness. We refer to significant lesions when these are judged as multifocal mild, moderate, or severe, or focal moderate or severe. We present the main and most common findings and most likely causes of death, largely following the subdivision of Arbelo et al. (2013). In order to provide an overview, most likely causes of death were subdivided into categories. Each result section starts with a brief description of the category and the most relevant findings for animals that were placed in this category, where applicable, with associated references for diagnostic purposes.



2.2 Diet and marine debris investigation

Stomach walls and contents were visually inspected first, and stomach walls were then sampled, after which the complete remaining stomach with contents were temporarily stored in a sealed plastic bag at −20°C for later analyses. For analyses of the diet, contents were rinsed into a large glass beaker, placed under slowly running tap water so that light prey components such as tissue fragments and fluids were gently flushed out of the sample, while heavier prey remains could be collected from the bottom of the glass beaker (following van Franeker et al., 2018). Since 2010, the glass beaker has been placed on a metal 1 mm mesh sieve to make sure that no foreign items, especially small pieces of plastic, were overlooked. For full details on the methods as well as detailed results on plastic and other man-made litter in stomachs (2006–2013), see van Franeker et al. (2018). Prey remains were examined following earlier published methods (Leopold, 2015). Firstly, fish sagittal otoliths were used to identify fish species and to estimate fish length and weight. Prey mass was back-calculated following Leopold (2015) and Leopold et al. (2001). Detailed results of dietary analysis (2006–2015) are published in Leopold (2015). We included data on the presence or absence of marine debris in stomachs, and the presence or absence of prey in the stomach, number of prey items, and reconstructed prey mass (in grams) (Leopold, 2015; Leopold et al., 2015b).



2.3 Inner ear evaluation

The inner ears of 50 porpoises from 2010 to 2019, sampled and fixed within 24 h post-mortem, were collected following earlier published methods (Morell and André, 2009). Several complementary techniques were selected to analyze the sensory cells of the organ of Corti and type I afferent innervation using immunofluorescence (eleven samples) and/or ultrastructural methods: 36 inner ears were processed for scanning electron microscopy (SEM), and three for transmission electron microscopy (TEM). Protocols for processing the samples and results have been published previously (Morell et al., 2015; 2017a; 2017b; 2020; 2021; 2022). In short, for immunofluorescence, the sensory cells of the organ of Corti were labeled with phalloidin (FluoProbes® X5 505, FP-AZ0130, 1:100), anti-prestin (Santa Cruz, USA SC-22692, 1:200, courtesy of Dr. Zheng, 1:1,000), and/or anti-myosin VI (Proteus Biosciences 25-6791, 1:5,000) antibodies. Type I afferent innervation was labeled with anti-neurofilament 200KD (Sigma-Aldrich N0142, 1:400) or anti-neurofilament H (Millipore AB5539, 1:5,000) antibodies. Nuclei were counterstained with DAPI (4’, 6-diamidino-2’-phenylindole, dihydrochloride; Thermo Scientific 62247, 1:1,000). The inner ears were imaged with one or multiple of the following microscopes: 1) SEM (Hitachi S-3500N from the Institute of Marine Sciences, Spain, Hitachi S-4000 from CRIC, Montpellier, France, and Hitachi S-4700 from the University of British Columbia, UBC, Bioimaging Facility), TEM (Hitachi H-7100 TEM from CRIC, Hitachi H7600 from UBC Bioimaging Facility, and FEI Tecnai G2 Spirit from the Department of Cellular and Physiological Sciences, UBC), and 3) confocal microscopes (Olympus FV1000 at UBC Bioimaging Facility, and Zeiss LSM880 at Montpellier Resources Imagery).



2.4 Analyses

Age- and sex differences in causes of death categories were assessed. Analyses were carried out in Excel and R version 3.6.3 (R 2017) following Zuur et al. (2007; 2009). Following initial data exploration, Chi-square tests were conducted to assess the relationship with the categorical variable “cause of death” and variables: age class (three categories: neonate, juvenile, and adult) and sex (two categories: male and female). The significance threshold was set at p = 0.05. A Generalized Linear Model (GLM) with a binomial distribution and logit link was conducted in order to assess whether porpoises at a certain length have higher probabilities of dying of anthropogenic causes, using glm2 version 1.2.1 (Marschner, 2018) and ggplot2 for visualization (Wickham, 2016). Anthropogenic causes of death (indicated as 1 for bycatch and blunt forced and sharp trauma, and 0 for the following categories: infectious disease, insufficient food or feeding (non-neonates), and interspecific traumatic) were modeled as a function of body length (in cm, incomplete carcasses excluded) for all juvenile and adult porpoises. Model validation was done by evaluating calculated dispersion parameters and diagnostic plots using Pearson residuals.




3 Results

A total of 612 harbor porpoises were included in this study: 84 neonates (14%), 343 juveniles (56%), and 185 adults (30%). Overall, there were more males than females: 333 compared to 277 (55% versus 45%; the sex of the two individuals remained unknown due to carcass incompleteness). Males dominated the immature age classes, but there were more females in the adult age class. Most animals were found in spring (30%), followed by summer (26%), winter (25%), and autumn (19%). These age class, sex, and seasonal differences are consistent with the stranding patterns of harbor porpoises along the southern North Sea (IJsseldijk et al., 2020a). In terms of spatial distribution, slightly more individuals came from the southern part of the country (Zeeland 25% and Zuid-Holland 30%) compared to the northern parts (Noord-Holland 20%, Wadden Sea islands 23%, and Noord-Nederland 2%) (Supplementary Table 1).


3.1 Pathological findings related to anthropogenic causes


3.1.1 Pathology consistent with accidental bycatch in fisheries

This category consists of harbor porpoises that died acutely, most likely as a result of underwater entrapment following accidental capture in fishing nets, referred to as bycatch. The diagnosis of this cause of death category was based on methods outlined in Kuiken (1996) and IJsseldijk et al. (2021c). The presence of superficial incisions and/or encircling imprints was judged as the most informative feature for placement in this category. However, the exclusion of another cause of death (based on other significant pathological findings), the presence of prey in the stomach, and the presence of pulmonary edema and/or emphysema were additionally considered. One hundred-three harbor porpoises (17%, 103/612) were classified in this category, of which 41 were female and 62 were males. There were mainly juveniles (73%), followed by adults (21%), and an additional six neonates most likely died due to bycatch (6%) as well. Bycaught animals were mainly found in spring (39%), and mostly on the Dutch mainland (Zuid-Holland 38% and Noord-Holland 25%) (Supplementary Table 1). Nutritional conditions were judged as good for 55% porpoises (NCC1–2: 57/103), moderate for 35% others (NCC3–4: 36/103), and poor for the remaining 10% of animals (NCC5–6: 10/103) (Supplementary Table 1).

Externally, 86% of the cases had clear and distinct lesions consistent with net entanglement, including encircling imprints (Figure 1A), or superficial cutaneous lesions on the rostrum or on fins and flukes (Figure 1B), while for the other animals this was less apparent or could not be diagnosed with confidence due to significant external defects. The diagnosis of underwater entrapment due to bycatch was based on a combination of internal findings that consisted of an acute and traumatic cause of death. Among all porpoises in the bycatch category, 51% of the cases (52/102) had subcutaneous bruising, hemorrhage in (parts of) the central nervous system, or acute skull or mandible fractures. Pulmonary edema was present in 89% (92/103) and multiple organ congestion in 29% of the cases (28/98) (Supplementary Table 2). Excluding cases without stomachs (e.g., due to scavenging), prey remains were present in 82% of the porpoises, with a median number of reconstructed prey of 30 and a median reconstructed summed prey mass of 276 g (Supplementary Table 3). Six porpoises in this cause of death category had non-natural material in their stomachs (see below), but no netting or other direct fishery-related material was found in these individuals.




Figure 1 | (A) Prominent net imprint encircling the rostrum. (B) Several incisions in the edges of the fluke.



The most frequently diagnosed conditions were moderate to severe lesions in the respiratory tract (53%), moderate to severe lesions in the liver in 29% of the cases, and ulceration of the alimentary tract in 14% of the porpoises in which this could be assessed. Eight percent of the animals had inflammatory lesions in three or more organs. An overview of pathological findings can be found in Supplementary Table 2. Parasites were present mainly in mild to moderate numbers in the respiratory tract and tympanic cavities, pterygoid, and peribullar sinuses (Supplementary Table 4). There were no significant macroscopic or microscopic lesions or signs of poor nutritional status in only 30% of all individuals in the bycatch category. These animals were considered “healthy” at the time of bycatch (31/103). This means that the majority of the porpoises had a compromised health status prior to the suspected bycatch.



3.1.2 Pathology due to man-made foreign bodies

This category represents animals with lesions associated with physical evidence of anthropogenic origin, including animals chronically entangled and animals that have ingested foreign bodies with associated pathological changes. There were two harbor porpoises which most likely died as a result of foreign bodies (0.3%, 2/612): one adult male and one juvenile male. Both animals were in good nutritional condition. The adult male had an encircling lesion just cranial to the pectoral fins (Figure 2A), which resulted in a subacute to chronic ulcerative dermatitis following entanglement. No monofilament or other man-made material was detected in the lesion, so the type of entanglement (e.g., plastic or netting) could not be determined. The other porpoise had an orange nylon fishing line wired around the epiglottis (Figure 2B), with a fishing hook attached to one end of the line. The fishing hook, used for angling, was not ingested but instead protruding outside the oral cavity. It was penetrating the blubber cranial to the pectoral fins. The hook and fishing line caused moderate necropurulent and ulcerative chronic dermatitis and necrotic laryngitis, and the animal additionally suffered from multifocal bronchopneumonia.




Figure 2 | (A) Adult male harbor porpoise with sign of encircling, chronic lesion indicative of chronic entanglement. (B) Juvenile male harbor porpoise with a fishing line wired around the larynx, causing a necrotic laryngitis.



Marine debris was detected in 7% (39/597) of all stomachs assessed, in 25 juveniles and 14 adults. There was one notable case with a fishing hook in the forestomach. The fishing hook was in the center of a 5 cm in diameter ball of algae, mostly Sargassum muticum. The hook is a straight J-shaped (37 × 15.4 mm) fishing hook used for angling with a 6 × 3.3 × 1 mm bait stopper and a single barb. The hook was rusty, but the tip was sharp. Attached to the hook was a 45 mm long, 0.55 mm wide, piece of white nylon fishing line. This juvenile male was in poor nutritional condition and the surface of the stomach was affected by multifocal 1 mm in diameter ulcerations. There was a focal moderate to chronic granulomatous gastritis with intralesional trematodes, morphologically consistent with Pholeter gastrophilus. Other pathological findings included multiple small longitudinal ulcerations in the larynx and esophagus, and a small amount of black content in the third and fourth stomach and intestines (presumably digested blood). Since upon necropsy, the fishing hook was centrally placed in the ball of algae and there was no sign of perforation of the stomach wall, a causal relationship between the fishing hook and the gastric lesions could not be established. The cause of death of this animal was categorized as “infectious disease”. Harbor porpoises that ingest marine debris died due to a variety of causes (Supplementary Table 3), but most likely not as a direct result of the ingestion of this debris. In most cases, ingested materials were small pieces of rope or netting, or small fragments or sheets of plastic, all smaller than the average whiting otolith found in the stomachs, and these were not considered directly detrimental to porpoise health (for details see: van Franeker et al., 2018; Bravo Rebolledo, 2020).



3.1.3 Trauma consistent with anthropogenic origin

This category refers to those cases that suffered either severe sharp trauma resulting in rapid loss of life or severe blunt force trauma, or a combination of both. Twenty-five porpoises were placed in this category (25/612; 4%). Eleven of these had sharp-edged mutilations consistent with a vessel-propeller collision; 13 others presented solely with severe blunt force trauma, possibly as a result of a ship hull collision; and a final case had presumable knife-induced injuries. There were 20 juveniles and five adults, 14 males and 11 females. Most individuals were found in spring (52%) in Zeeland (36%). Nutritional conditions were judged as good for most animals (NCC1–2: 52%, NCC3–4: 20%, NCC5–6: 28%) (Supplementary Table 1). Prey remains were present in 78% of the porpoises, with a median number of prey of 50 and a median reconstructed summed prey mass of 326 g (Supplementary Table 3). Porpoises dying of trauma were infected with parasites in comparable percentages to porpoises dying due to other causes, although there were more porpoises with moderate parasitic infestation of the tympanic cavities, pterygoid, and peribullar sinuses (Supplementary Table 4).

Of the 11 animals with lesions consistent with vessel propeller collision (sharp trauma), ten had underlying fractures of the vertebral column (n = 7) (Figure 3), ribs (n = 2), or head (n = 1). Two porpoises had amputated tail flukes and one had an amputated rostrum. The presence of net-marks as a result of bycatch could not be ruled out in nine of the 11 cases, and possible seal-induced wounds could not be ruled out in two of the 11 cases due to extensive external defects. This highlights the difficulty in differential diagnosis for these causes of acute mortality.




Figure 3 | (A) Harbor porpoise with severe sharp trauma to the vertebral column, just caudal to the dorsal fin. (B) Associated hemorrhage in the blubber layer around the trauma.



There were 13 cases with severe blunt force trauma as the main diagnosis. Fractures of the mandible were most common (46%, 6/13). One porpoise with a mandible fracture also had a complete skull and cochlea fracture. One other porpoise had a skull fracture and additional fractures in the vertebral column. There was hemorrhage around fractures in all cases, demonstrating ante-mortem injury. Porpoises without fractures had extensive subcutaneous hemorrhage and hemorrhage surrounding the spinal cord (n = 1) or hemorrhage in the brain (n = 3). Two porpoises live stranded. One of them had a mandible fracture as well as hemorrhage in the spinal cord and cerebrum and additional pneumonia. The other had extensive subcutaneous hemorrhage as well as severe ulcerations of the upper alimentary tract (Supplementary Table 3). The causes of these blunt-forced traumas remain unclear. None of these porpoises had external evidence of sharp trauma or obvious external lesions consistent with bycatch. Collisions with ship hulls are possibilities, especially in cases with fractures.

Finally, one emaciated juvenile male had small but deep lacerations on the left lateral flank and caudal to the right pectoral fin. These presumable knife-induced injuries penetrated the abdominal cavity and ruptured the diaphragm and liver after which this animal most likely died because of hypovolemia.



3.1.4 Pathological findings compatible with noise-induced hearing loss

From the 50 ears analyzed in the period 2010–2019, we found six cases with focal hemorrhages in the cochlea. Nevertheless, there was no conclusive evidence of hearing loss in the majority of these cases, either because there were no lesions detected, or because the organ of Corti was not in a condition good enough for diagnosis due to post-mortem artifacts. However, there were four cases with missing sensory cells in the apical region of the cochlea. While the pattern of sensory cell loss in two cases suggested individual apical variability instead of lesions (Morell et al., 2022), the other two showed evidence of sensory cell loss that is compatible with noise exposure. More details on these cases have been published elsewhere (Morell et al., 2015; Morell et al., 2021).




3.2 Pathological findings related to non-anthropogenic causes


3.2.1 Peri-neonatal pathology

Of the 84 neonates necropsied in total, 63 neonatal harbor porpoises had morphological and etiological characteristics, most likely related to problems in gestation, birth, or nursing, and are therefore listed under this category (10%, 63/612). The vast majority was found in summer (79%) and mainly in the southern part of the Netherlands (Zeeland 37%; Zuid-Holland 38%) (Supplementary Table 1). Twenty-two porpoises had as their most significant findings general, internal, diffuse congestive-hemorrhagic lesions, and their deaths likely occurred perinatally. The other neonates had as their most significant finding hepatic and/or renal lipidosis and therefore most likely died due to starvation. There was one porpoise with complete fetal atelectasis. This was most likely a stillborn animal. Twelve neonates live stranded (21%). Ancillary findings were ulcers in the alimentary tract in 23%, lesions in the respiratory tract of 7%, and in the central nervous system of 4% of these neonates (Supplementary Table 2). Only 8% of the neonates (n = 5) had hard prey items in their stomachs, mainly gobies (Gobiidae) and invertebrates. These five porpoises had a median number of prey of two and a median summed reconstructed prey mass of 2.5 g. There were no parasites detected in the gastrointestinal-, respiratory tracts, and hepatic ducts, but there were two neonates with a mild nematode infestation in the tympanic complex (Supplementary Table 4). The mean length of animals in the perinatal category was 76.1 cm ( ± SD: 4.9 cm), consistent with the reported length at birth for porpoises in the North Sea (Lockyer, 2003). The mean length of animals dying due to starvation was 83.4 cm ( ± SD: 5 cm), suggesting that most likely these animals lived for a short period of time but had insufficient resources or additional problems related to nursing which led to their deaths.



3.2.2 Infectious diseases

This category is defined as being associated with the presence of subacute and/or chronic pathological findings that were sufficiently severe to be considered, ultimately responsible, alone or in combination with other factors, for the death and/or stranding of the animal. A total of 198 harbor porpoises (32%, 198/612) were classified in this category, of which 103 were male and 95 females. In contrast to other categories, there were mainly adults (55%, 109/198), followed by juveniles (40%, 80/198), and an additional nine neonates. These porpoises were found more often in winter compared to the anthropogenic categories (30% versus 16% trauma and 18% bycatch). Animals were mostly found on the Wadden Sea islands and in Zuid-Holland (both 27%) (Supplementary Table 1). Despite the fact that these animals most likely died from infectious diseases, 71% had some prey in their stomachs, with a median number of prey of 4 and a median reconstructed summed prey mass of 26 g (Supplementary Table 3).

Fifty porpoises presented a good nutritional condition (NCC1–2) and most likely died of an acute but significant infectious disease (50/198). Of these 50 cases, 21 live stranded (42%). Despite the good nutritional conditions of these porpoises, significant pathological changes were present. Most commonly diagnosed were moderate to severe lesions in the respiratory tract (88%, 43/49) and moderate to severe lesions in the liver (53%, 25/47). Seventeen porpoises had inflammatory infiltrates or other lesions in their central nervous system (36%, 17/47). Reported pathological findings in the other 148 porpoises, which most likely died of significant infectious diseases with signs of subacute to chronic deterioration based on their moderate to very poor nutritional conditions (NCC3–6), were very similar to the animals in good nutritional condition. The number of live strandings was high (33%). Moderate to severe lesions of the respiratory tract were most commonly diagnosed (86%, 125/146), followed by moderate to severe lesions in the liver (50%, 70/139). Inflammatory infiltrates and other lesions were detected in the central nervous system in 31% of these cases (40/130). An overview of all pathological findings for harbor porpoises in the infectious diseases category is provided in Supplementary Table 2. Most striking is the large percentage of animals suffering from inflammation in three or more organs (59%), likely also associated with the high parasite burden in the assessed organ systems (Supplementary Table 4). The high rate of multiple organ inflammation demonstrates the extensiveness of lesions in most porpoises within this category. The lesions found were caused by various micro-organisms, but the ancillary assessment of other biological agents other than parasites varied widely between cases. This hampers the calculation of the frequency of occurrence for other etiologic agents than parasites.



3.2.3 Insufficient food or feeding (non-neonates)

This category is comprised of 53 harbor porpoises and refers to non-neonatal harbor porpoises for which the most significant pathological finding pointed towards insufficient food intake as a cause of mortality (9%, 53/612). Hepatic lipidosis was the most significant pathological finding in eight young juveniles (length ranging from 93 to 113 cm). The additional 45 porpoises, both juveniles (87%, 39/45) and adults (13%, 6/45), were in poor to very poor nutritional condition (NCC5–6). In terms of causation, there was one notable case: a juvenile porpoise that passed through the harbor locks and swam up a canal and thus was found far inland. There were no prey remains in its stomach and it was severely emaciated and had extensive dermatitis. The latter was considered most likely as a result of the prolonged period (approximately 11 days) of residing in fresh water. There was substrate (mud) in the lungs and associated acute pneumonia. The underlying causes of the poor nutritional status remained unclear for the other porpoises in this category. Alimentary pathology was, however, diagnosed in half of all cases listed under this category (50%), which could have resulted in emaciation or vice versa, a lack of sufficient nutrition could have induced alimentary ulcerations. Other common pathological findings were moderate to severe lesions in the respiratory tract (40%), and moderate to severe lesions in the liver (31%). Additional pathological findings in these cases (see Supplementary Table 2) were deemed unrelated or not severe enough to explain the emaciation or starvation of these individuals. The porpoises under this category were mostly found in summer (32%) and autumn (26%), and mainly on the Wadden Sea islands (32%) (Supplementary Table 1). Despite the fact that these animals most likely died as a result of insufficient feeding, 67% had some prey in their stomachs, with a median number of prey of four and a low median reconstructed summed prey mass of 14 g (Supplementary Table 3). A previous and more detailed diet study, using partly the same individuals as in the current study, already showed that the stomachs of emaciated porpoises are not necessarily empty, but lack energy-rich prey (Leopold, 2015). Parasites were detected in slightly lower numbers compared to animals from other death categories (Supplementary Table 4), which could be explained by the many young animals in this category.



3.2.4 Interspecific traumatic interactions

This category refers to harbor porpoises with lesions consistent with gray seal (Halichoerus grypus) attacks. A total of 144 harbor porpoises (24%, 144/612) were classified within this category, of which 80 were male and 62 females (sex of two animals was not determinable). Similar to the bycatch category, there were mainly juveniles (74%), followed by adults (22%), with the remaining cases being neonates (3%). Porpoises were found mainly in spring (40%) and in winter (36%). In terms of spatial distribution, there was no clear hotspot area, as animals within this category were found in relative numbers similar to the geographical distribution of all animals (Supplementary Table 1). Most porpoises had prey in their stomachs (86%), with a median number of prey of 49 and a median reconstructed summed prey mass of 391 g (Supplementary Table 3). These findings correspond to what was reported by Leopold et al. (2015a), since cases from 2008 to 2015 were overlapping. Parasites were mainly present in mild-moderate numbers in the respiratory tract, but numbers in the other organ systems were equally high compared to the other death categories (Supplementary Table 4).

In terms of pathological findings, we further divided them into two subcategories: pathology associated with acute interactions, with the presence of large, sharp-edged mutilations; and pathology associated with interactions that did not immediately result in death. The first subcategory includes harbor porpoises that presented acute, ante-mortem, extensive mutilations, which were considered to be the most likely cause of death. Claw- and bite marks, inflicted by gray seals in a predatory attack, were often found associated with the extensive mutilations, conforming to the diagnosis outlined in Leopold et al. (2015a). Seventy-eight porpoises had these typical lesions. The majority of these predated porpoises were in good nutritional condition (63%, 49/78), or in moderate nutritional condition (33%, 26/78), and the final three porpoises were in poor nutritional condition (4%, 3/78). None of these porpoises live stranded. Despite the good nutritional conditions of the majority of these porpoises, additional pathological changes were detected. Pulmonary edema was a common finding (79%, 61/77). Over half of these porpoises suffered from moderate to severe lesions in the respiratory tract (57%, 37/65), and a third presented moderate to severe lesions in the liver (32%, 19/59), mostly associated with parasitic infestations. Other, less frequent recorded pathological changes are listed in Supplementary Table 2. Of these 78 harbor porpoises, six porpoises had additional healed lesions from previous bites. Another six animals had some suspicious skin lesions which could also have been from previous bites (8%–15%, 6–12/78), demonstrating multiple traumatic interactions between gray seals and porpoises.

Sixty-six harbor porpoises presented solely subacute to chronic skin lesions, which were morphologically most consistent with bite trauma induced by gray seals in a predatory attempt (Leopold et al., 2015a; Foster et al., 2019; Gilbert et al., 2020). However, these animals lacked the large, sharp-edged mutilation typically seen in gray seal victims. All the bite lesions of porpoises in this category had inflamed appearances. Unlike the porpoises that had died acutely from the attack, good nutritional conditions were seen in fewer animals with chronic lesions from previous bites (26%, 18/66 in NCC1–2; 35%, 24/66 in NCC3–4; 35%, 24/66 in NCC5–6). Eleven of these porpoises live stranded (16%). The percentage of cases with inflammation in multiple organs (three or more organs) was high: 45% (29/64). Alimentary pathology was apparent in 32% of the cases (21/66); moderate to severe lesions to the respiratory tract in 68% of the cases (44/65) and moderate to severe lesions to the liver in 38% of the cases (24/64). Other significant findings included lesions in the central nervous system (14%, 9/64) and the heart (10%, 6/62).



3.2.5 Miscellaneous

Five adult females had acutely died from dystocia (n = 3) or intestinal volvulus (n = 2) (1%, 5/612). The three cases of dystocia stranded in May, corresponding to the calving season of porpoises in the North Sea (Lockyer, 2003). One animal had a fetus partly protruding from the genital opening, which apparently got stuck at the height of the pectoral fins (Figure 4A). This adult was in good nutritional condition, had prey remains in the stomach, and no significant other pathological findings, and thus appeared healthy at the time of dystocia/death. The second porpoise, a fresh adult in poor nutritional condition without any prey remains in its stomach, had a moderately decomposed fetus located in the left uterine horn. There was extensive transmural uterine necrosis with additional peritonitis. The third porpoise had extensive, ante-mortem external and internal injuries as a result of the ‘breech’ position of the fetus, which was located with its dorsal fin in the genital opening. This had caused an ante-mortem uterus- and abdominal wall rupture and eventual death (Figure 4B) (Supplementary Tables 1–4).




Figure 4 | (A) Dystocia in an adult female harbor porpoises. There is a protruding fetus from the genital opening, which was stuck at the height of the pectoral fins. (B) Dystocia in an adult female harbor porpoises. The abdominal wall is ruptured as a result of a fetus in a “breech” position, with the dorsal fin protruding from the genital opening.



One live-stranded porpoise had an intestinal volvulus, with findings previously published (Begeman et al., 2013). No possible predisposing factors were noted for this particular case. The animal was in good nutritional condition, although the stomach was empty. The other animal with an intestinal volvulus stranded in May was pregnant. This was a relatively small female to be pregnant, measuring 139 cm. The fetus was just under half the size of the mother (63 cm). The pregnancy could have been a predisposing factor for the intestinal twist to occur. The adult was in good nutritional condition and had prey remains in its stomach. It had additional parasitic pneumonia and moderate amounts of trematodes in its liver (Supplementary Tables 1–4). Finally, there was one adult female that was resting (neither pregnant nor lactating) with an intestinal volvulus, but that porpoise is listed under the infectious disease category since it suffered from severe multiple organ inflammation.



3.2.6 Unestablished cause of death or stranding

For 19 harbor porpoises, there was no clear cause of death or, in the case of live stranding, there was no clear cause of stranding established (3%, 19/612). These were five adults and 14 juveniles. Five porpoises live-stranded, three of which died shortly after stranding, while two were euthanized based on clinical signs of disease and poor survival prognosis. These porpoises were mainly found in spring (42%) and winter (37%), and mostly in Zeeland (37%) and on the Wadden Sea islands (32%). Most of these harbor porpoises were in good nutritional condition (NCC1–2: 63%, 12/19) or in moderate nutritional condition (NCC3–4: 37%, 7/19) (Supplementary Table 1). Approximately 95% had prey in their stomachs, with a median number of prey of 20 and a median summed reconstructed prey mass of 137 g (Supplementary Table 3). No signs of significant infectious disease or clear signs of anthropogenic pathological changes could be detected in any of the 19 porpoises (Supplementary Table 2). The nutritional conditions, combined with dietary and pathological results, point towards an acute cause of mortality or stranding as most likely for these animals.




3.3 Age class- and sex-related difference in causes of death

Data exploration and analyses indicated a clear age class-related difference in cause of death (X2 (df = 18, n = 612) = 451.1, p <0.001). Neonates were, logically, predominantly listed under the peri-neonatal and starvation categories. Juveniles were largely present in the gray seal-related causes of death (both chronic lesions from previous bites and acute predation) as well as in trauma, bycatch, and emaciation categories. Adults dominated the infectious diseases category (Figure 5; Supplementary Figure 1). When we group the anthropogenic causes of mortality (bycatch and trauma) and compare these to other categories among the juveniles and adults, the probability of dying due to direct anthropogenic causes decreased with increasing total length (Figure 6, GLM: slope = −0.014, p <0.05). There was no significant relationship between sex and cause of death (X2 (df = 9, n = 612) = 7.2, p >0.05). Males were overrepresented in all but one (emaciation of unknown origin) of the cause of death categories (Supplementary Table 1; Supplementary Figure 2). Bycatch was the predominant cause of mortality among the juvenile porpoises until up to around 2017, when cumulative numbers of infectious diseases overtook (Figure 7; Supplementary Figure 1). One notable spike in the category of emaciation of unknown origin was detected in the year 2011 (Figure 7; Supplementary Figure 3). This was especially apparent in the absolute stranding numbers (Figure 7). In terms of season, animals in the bycatch category were predominantly found in March and September–October (Figure 8). Acute predation cases, and to a lesser extent, porpoises with chronic lesions from previous bites, were mainly seen throughout late winter and early spring (January–March) (Figure 8). Emaciation seemed to be a late-summer phenomenon (August–September) (Figure 8). Peri- and neonatal porpoises were mainly seen from May into June, corresponding to the calving season, and cases of starvation followed that period, peaking in July. These findings were apparent in terms of absolute numbers (Figure 8) and relative numbers (Supplementary Figure 4).




Figure 5 | Age class per cause of death category. (A) Stacked absolute number of cases. (B) Proportion of cases with the width of the bars representative of sample size. Dark blue is adult (A), light blue is juvenile (J), and yellow is neonate (N).






Figure 6 | Probability of an anthropogenic cause of death based on harbor porpoise total length (in cm).






Figure 7 | Radar plots of the causes of death categories per year (2009–2019).






Figure 8 | Radar plots of the causes of death categories per month.






4 Discussion

In this study, we provide an estimation of the occurrence of anthropogenic and natural causes of mortality of stranded harbor porpoises in the Netherlands over a twelve-year period (2008–2019). The largest anthropogenic cause of death category was bycatch (17%), with mainly juveniles affected and peak periods in March and September–October. This seasonal variance warrants further investigation in relation to fishing efforts in the southern North Sea. Other anthropogenic causes of mortality were infrequently diagnosed: trauma (4%), largely most likely due to ship collisions, and marine debris ingestion and entanglement (0.3%). Lesions compatible with noise-induced hearing loss could only be investigated for a small subset of cases but were apparent in two harbor porpoises. Natural causes of mortality included infectious diseases, which were by far the most common cause of death category (32%), mainly for adults, and were rather constant over time. Also, lesions consistent with gray seal attacks were found in almost a quarter of all stranded porpoises (24%), with more acute predation cases in the earlier years of the study, while porpoises with pathology associated with interactions that did not immediately result in death were diagnosed more recently. Two-thirds of all stranded neonates had morphological and etiological characteristics most likely related to problems in gestation, birth, or nursing, while others died most likely due to infectious diseases, interspecific interactions, or bycatch. Signs of food shortage (starvation and/or emaciation) were the most significant finding in 9% of porpoises (non-neonates). There was one notable spike in the category of emaciation of unknown origin in 2011, especially for juveniles. In a previous study, it already became apparent that overall harbor porpoise stranding numbers in 2011 were excessively high in the Netherlands, especially in summer, which was declared an unusual mortality event (UME) (IJsseldijk et al., 2021a). The post-mortem results presented here suggest that food shortages, or an inability to feed or hunt, were the probable cause of this UME.


4.1 Accidental bycatch in fisheries

The impact of fishing activities on different species of cetaceans is considered one of the main threats to small cetaceans globally (Jefferson and Curry, 1994; Moore, 2014; Dolman et al., 2016). The overall proportion of harbor porpoises in our study that most likely died from bycatch was 17%. In other geographic areas in northwestern EU waters, reported bycatch proportions varied widely. For the United Kingdom, several studies overlapping in time and space report bycatch percentages ranging from 11% to as much as 38% (Baker, 1994; Kuiken et al., 1994; Kirkwood et al., 1997). For the southernmost parts of the North Sea, specifically Belgium and Northern France, bycatch proportions were similar to those we reported for the Netherlands (15%, Jauniaux et al., 2002), although mass bycatch mortality events have also been reported from Belgium (Haelters and Camphuysen, 2009) before recreational set-netting was banned there. In Sweden, 31% of all post-mortem examined porpoises between 2006 and 2020 most likely died following bycatch (Neimanis et al., 2022). Bycatch numbers probably run into the thousands of animals per year in the Danish North Sea (Vinther and Larsen, 2004). Harbor porpoise mortality related to bycatch in the German North and Baltic Seas was not provided; instead, the authors gave the number of stranded porpoises with net-marks. This was 42% and 20%, respectively (Siebert et al., 2020). Stranded porpoises suspected to be bycaught were often deemed too decomposed for extensive necropsy, hampering the establishment of a bycatch prevalence (Siebert et al., 2020). This is likely also true for other areas, including the Netherlands. Here, only approximately 10%–15% of all stranded porpoises are necropsied annually due to financial constraints. This has unknown effects on the prevalence of all cause of death categories over time. Bycatch numbers as presented here might only reflect a minimum number of cases that die annually following entanglement. However, our study and post-mortem studies from bordering countries indicate that bycatch-related mortality persists, and might still exceed the acceptable percentage of human-induced mortality (1.7%) as agreed upon in the Agreement on the Conservation of Small Cetaceans of the Baltic and North Seas (ASCOBANS).



4.2 Marine debris ingestion and entanglement

The wide distribution and abundance of man-made litter, in particular plastics, affects a broad range of marine organisms through entanglement and ingestion (Kühn et al., 2015; Unger et al., 2016; van Franeker et al., 2018; Kühn, 2020). A previous study on harbor porpoises was conducted with individuals overlapping our study (van Franeker et al., 2018). The incidence of marine debris in stomachs was between 7% and 15%, depending on the methodology used. These pieces of debris can be expected to pass through the gastrointestinal tract in a similar way to food items, and hence are indicative of pollution of the marine environment. Ingestion of marine debris occurs more frequently than entanglement in debris, and fishery-related debris is of particular concern (van Franeker et al., 2018; Bravo Rebolledo, 2020; this study). We presented one case of fatal debris ingestion (wired epiglottis), and another porpoise with signs of severe and prolonged external entanglement. Although this marks the number of porpoises dying as a direct result of marine debris as very low (0.3%, 2/612), the welfare state of both individuals was severely compromised as a result of the entanglement. This demonstrates the harmful effects that marine debris, specifically macroscopic items, can have on individual marine animals. The detection of small particles ingested by cetaceans is hampered by protocols and methodologies, and the prevalence of microplastics (<1 mm) in porpoises is likely higher (van Franeker et al., 2018; Philipp et al., 2021).



4.3 Sharp and blunt force trauma

Twenty-five porpoises had trauma as the most significant pathological finding (25/612, 4%). Blunt force injuries may result from collisions with non-rotating features, such as the bow of a ship or slowly rotating tidal energy turbines, with common pathological findings being well-defined focal areas of subcutaneous hemorrhage and edema, physically disrupted muscle, fractured bones, and disruption of organ systems (Martinez and Stockin, 2013; McLellan et al., 2013; IJsseldijk et al., 2014; this study). Collisions with ship propellers are often associated with major injuries such as repetitive incised wounds and lacerations, and amputations, inflicted by heavy metal blades rotating at high speed (Lightsey et al., 2006; Byard et al., 2012; Costidis et al., 2013; IJsseldijk et al., 2020b; this study). However, necropsy findings in the blunt force trauma category were sometimes also consistent with bycatch criteria, such as the presence of bruising and fractures (Cox et al., 1998; Jepson et al., 2013; Moore et al., 2013). Although the most reliable indicator of bycatch is the presence of net-marks or encircling imprints (Kuiken, 1996; Jepson et al., 2013; IJsseldijk et al., 2021c), post-mortem and stranding-related degradation of the skin may hamper the detection of such external lesions. This highlights the diagnostic difficulties among these anthropogenic categories of acute death.



4.4 Infectious diseases

Bronchopneumonia was the most commonly detected disease, not only in the category of infectious diseases but also among the porpoises dying of acute causes (both anthropogenic and natural, Supplementary Table 2). Often, bronchopneumonia was associated with a high prevalence of nematodes (Supplementary Table 4). A high rate of bronchopneumonia with an associated high parasitic infestation was also seen in porpoises stranded in the Netherlands from 1983–1986 (van Nie, 1989) and 1970–1994 (Addink et al., 1995). Generally, parasite occurrence increases with total body length as a proxy of age (ten Doeschate et al., 2017). The relative pathogenicity of the different parasite species is uncertain and the role of parasites as a cause of stranding or death has widely been discussed in the scientific literature (Jepson et al., 2000; Arbelo et al., 2013; Siebert et al., 2020). Structural microbiological screening was beyond the scope of our study. The investigation into other infectious agents is hampered by finances, logistics, and tissue quality, and an overview and estimated prevalence of pathogens is lacking. Several infectious agents have, however, been targeted and published separately, including on the prevalence of Brucella spp. (Maio et al., 2014), mycoses, specifically Aspergillus fumigatus (Kapetanou et al., 2020), herpesvirus (van Beurden et al., 2015), and Toxoplasma gondii (van de Velde et al., 2016; Morell et al., 2021).



4.5 Gray seal interaction

When studying deceased marine mammals and determining causes of death, the interpretations of lesions are limited by the knowledge and experience of those conducting these investigations. A key example of this is the identification of the gray seal as a major predator of harbor porpoises a decade ago. Severely wounded porpoises were initially thought to have died from bycatch, as the large mutilations were judged to be “man-made cuts” and the bite lesions interpreted as “rope-marks” (Camphuysen and Oosterbaan, 2009). Once the gray seal was suggested as a predator of porpoises by Haelters et al. (2012), the detection of gray seal DNA in attack wounds on harbor porpoises revealed the fatal interaction (for porpoises) between these two marine mammals (Jauniaux et al., 2014; van Bleijswijk et al., 2014). A retrospective analysis of post-mortem findings and subsequent re-diagnosis of their causes of death demonstrated the large scale of gray seal predation on harbor porpoises in the southern North Sea (Leopold et al., 2015a) and significantly reduced suspected bycatch numbers in the Netherlands.

Predation events of gray seals on porpoises have been reported for a wide geographical range (Bouveroux et al., 2014; Jauniaux et al., 2014; Foster et al., 2019; van Neer et al., 2020). Acute predation cases are, however, just the tip of the iceberg, with potentially many more porpoises suffering from bite injuries with occasionally deadly outcomes (Leopold et al., 2015a; Foster et al., 2019; Gilbert et al., 2020). Several of our affected porpoises had chronic lesions from earlier bites in addition to the final, acute mutilations, suggesting previous failed predatory attempts. This demonstrates frequent interactions between gray seals and porpoises in the southern North Sea. Knowing the frequency and consequences of lethal and non-lethal interactions between predators and their prey is important when trying to understand the behavior of prey within an ecosystem (Lima, 2002). Increasing predator pressure could result in hunger-dependent risk-taking and influence abundance, habitat use, and energy intake of prey. Gray seal numbers have been restored after a successful rehabilitation program aiming at their conservation when numbers were at their lowest (Brasseur, 2017). With increasing numbers of gray seals as well as an increase in harbor porpoise numbers in the southern North Sea, their interactions have undoubtedly become more common in the last decades. The direct and indirect effects of these interactions warrant further investigation, but it is conceivable that the current large number of gray seals may negatively affect harbor porpoise health, behavior, and fitness. This may particularly be true in areas such as the Eastern Scheldt, with a small resident population of porpoises, from which seal victims are frequently observed (Podt and IJsseldijk, 2018) and demonstrates that conserving one species might have detrimental effects on another.



4.6 Peri- and neonatal mortality

Perinatal mortality, diagnosed in 26% of necropsied neonates in this study, may be related to asphyxiation due to aspiration of meconium or amniotic fluid and subcutaneous hemorrhages (Arbelo et al., 2013). Larger neonates more often died with signs of acute starvation and/or emaciation. Hepatic lipidosis was a common finding. Nursing calves have a high intake of carbohydrates, which results in the accumulation of excessive triglycerides in the hepatocytes, leading to pale and waxy livers (Jaber et al., 2004; St. Leger et al., 2018). The significance of neonatal hepatic lipidosis is deemed unclear (Siebert et al., 2001; Hiemstra et al., 2015). In harbor porpoises stranded in Germany, diffuse hepatocellular lipidosis was found in 13 of 29 (44%) calves (Siebert et al., 2001), and neonatal mortality attributed to starvation was also reported to be high among calves stranded in the United Kingdom (Kirkwood et al., 1997). Neonatal death may be a result of maternal separation or nursing difficulties, but in the majority of neonates, it is impossible to further pinpoint exact causes. It is possible that maternal inexperience or failure played a role in some of our cases, although another explanation could be disturbance from natural or anthropogenic threats, causing e.g., mother-calf separation.



4.7 Management implications

There is an increasing need to understand marine mammal health and how this changes over time to determine the effects of conservation measures but also of persisting, new, emerging, and cumulative threats affecting wild populations (Bossart, 2011; NAS, 2017; IJsseldijk et al., 2018; Siebert et al., 2020). Knowledge of the changes in health as well as mortality is crucial for the management of species or subgroups within species, which are particularly vulnerable to human interaction, like the harbor porpoise. Accidental bycatch in fisheries has historically been a focal topic within cetacean conservation and management programs (ASCOBANS, 1992; Camphuysen and Siemensma, 2011; Dolman et al., 2016). Despite binding legal requirements to monitor and reduce bycatch (Dolman et al., 2021), the high incidence of mortality most likely related to bycatch in our study (17%), as well as in similar studies from neighboring countries (Jauniaux et al., 2002; Siebert et al., 2020), shows that bycatch is a persisting issue for harbor porpoises in the North Sea. However, besides this persisting threat, temporal trends in all cause of death categories should be investigated.

A more emerging anthropogenic threat, both in terms of scale and focus, is over-exposure to anthropogenic noise. Establishing if a porpoise suffered from over-exposure to underwater noise, by examining the sensory cells of the organ of Corti, can usually only be done within 24–30 h after death (Morell et al., 2017b). Injuries in the auditory system following detonations of unexploded ordnance (UXO) can, however, be studied in porpoises in more advanced states of decomposition (Siebert et al., 2022). Despite frequent UXO detonations in the southern North Sea (von Benda-Beckmann et al., 2015), (micro)CT-scans of the auditory system are not routinely conducted in the Netherlands. This would be a recommended addition to monitoring schemes aimed at determining the effects of anthropogenic pressures on stranded marine mammals. High intensity sonars, seismic surveys, pile-driving for offshore windfarm construction, and shipping, among other activities, can also result in temporary hearing loss, masking, behavioral and other physiological changes. It is not possible to investigate or detect this by solely conducting inner ear analysis (Morell et al., 2017b; Wisniewska et al., 2018). There is clearly a need for a better understanding and investigation of the many consequences of exposure to various anthropogenic sounds and the effects of noise pollution on marine mammals. Continuation of a comprehensive research program on harbor porpoises with targeted studies on the auditory system is a means to increase our knowledge of the anatomy of and pathologies in the auditory pathway, which could ultimately help to distinguish lesions attributable to noise pollution from other causes of hearing loss such as aging or infectious disease.

The assessment of age classes within the causes of death categories indicated several critical periods for immature harbor porpoises. Peri-neonatal porpoises face problems related to gestation, birth, or nursing, with maternal nutrition and care deemed vital to sustain pregnancy and for the survival of newborns, respectively (IJsseldijk et al., 2021b; this study). Neonates and juveniles are prone to acute starvation and/or emaciation due to their high metabolic requirements. In this study, there were indications that, especially in summer, resources might not be sufficiently available for juvenile harbor porpoises. Immature animals that seem to be in a better state of nutritional condition are not safe and are at risk from bycatch and predation. The individuals that do reach sexual maturity are exposed to a range of infectious diseases. This suggests that porpoises face different risks during their lifetimes. However, more robust analyses are needed, especially incorporating multiple variables that, in combination, might influence results. This was outside the scope of the current study, but would be a recommended next step.

Globally, reported infectious disease outbreaks in marine mammals have been on the rise, with factors causing these still being mostly unclear (Gulland and Hall, 2007; Sanderson and Alexander, 2020). There are, however, signs that especially chemical pollutants may be involved, since the persisting organic pollutants in the marine environment have been associated with disrupted endocrine and immune function in cetaceans (Jepson et al., 1999; Jepson et al., 2005; Jepson et al., 2016). Also, climate change, another emerging conservation issue, may lead to new indirect and thus more nebulous health effects, likely in terms of habitat degradation, changes in resource quantity and quality, and increasing infectious disease outbreaks (Learmonth et al., 2006; Simmonds and Isaac, 2007; Bossart, 2011; Sanderson and; Alexander, 2020). There therefore is a pressing need to expand the monitoring efforts to contaminant- and infectious agent screening, which would be an important way to investigate the effects of those human-related threats that do not leave distinct lesions on animals but rather have indirect effects on their immune system, behavior, health status, or reproduction.
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Supplementary Figure 1 | Cumulative number of causes of death per year, framed per age class.

Supplementary Figure 2 | Sex per cause of death category. Left: stacked absolute numbers. Right: proportions with the width of the bars representative of sample size and dotted horizontal line at 0.5. Blue = males. Pink = females.

Supplementary Figure 3 | Radar plots of causes of death categories per year (2009-2019) corrected for n/year.

Supplementary Figure 4 | Radar plots of causes of death categories per month corrected for n/month.
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