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Abstract

:

Wildlife forensics is a science field with a remarkable potential to provide accurate information regarding nature conservation and One Health. Wildlife crimes are now a persistent target of public opinion and the concern of conservation professionals, which is constantly putting pressure on governmental and non-governmental entities. Moreover, the cross-species transmission of pathogens is becoming more and more frequent, endangering the interconnected health of humans, animals and the environment (One Health). This review intends to briefly present and illustrate the potential of wildlife forensic sciences not only in crime solving, but also regarding health sciences and species conservation. By allowing target species identification, recreating the crime scene, and considering their contribution to diseases and ecosystems’ surveillance, wildlife forensics are now constantly developing and improving. A cooperative and multidisciplinary approach (with the inclusion of forensic sciences) is necessary to avoid wildlife crimes, disease outbreaks, environmental disasters and to promote a sustainable and healthy future for all the living beings.
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1. Introduction


Wildlife forensic sciences can be defined as the application of different scientific fields to enforce the laws and solve illegal problems involving wildlife [1,2]. At first, wildlife forensic sciences may sound restricted to solve the illicit trade or criminal use of wild animals, helping to recreate the crime scene. However, the spectrum of uses of this complex scientific field is much broader, especially considering its impact on species conservation and health [1].



Wildlife biodiversity is now facing a massive decline and more and more species are becoming seriously threatened of becoming extinct, while others have already faced extinction. Some of the causes have a clear anthropogenic nature (including pollution, habitat loss, and different crimes against wildlife) [3]. Poaching (including coursing or bushmeat consumption), poisoning, illegal trade (including ornamental commercial items, pets, or traditional medicine ingredients), the introduction of invasive species, bioterrorism, illegal spills and animal cruelty are among the most common or prominent examples of wildlife crimes that threaten wildlife species worldwide (Figure 1).



Wildlife forensic sciences usually comprise taxonomy, pathology, molecular biology and biochemistry, genetics and toxicology, among others (depending on the situation and the aims) [1,2,4,5,6]. In fact, wildlife forensic sciences may be implicated in such different tasks as species identification, prosecution of wildlife crimes, monitoring environmental changes and the study of disease epidemiology [1], which clearly illustrates its transdisciplinary nature.



One Health is a multidisciplinary and collaborative approach to global health, involving humans, animals and the environment, as three intimately connected branches. Although not recent, the One Health concept has continuously gained attention during the last few decades (due to global health threats we are already facing) [7,8,9] and progressively embraces new scientific fields, such as wildlife forensic sciences [10].



Therefore, this review aims to summarize the different contributions of wildlife forensic sciences in solving wildlife crime. Moreover, it aims to highlight their importance in a One Health approach, as well as to species and ecosystem conservation.




2. Methodology


Scopus®, Science Direct® and Google Scholar® were the main search tools used in this scoping review. Keywords included (but were not limited to) “wildlife forensic sciences”; “wildlife forensics”; “One Health”; “wildlife crimes”; “wildlife conservation”. All the founded paper types (journal articles, book chapters, reports…) regarding wildlife forensics were included. Articles unrelated to the subject were excluded.




3. Species Identification


In wildlife forensic sciences, the identification process mostly refers to the taxonomic species involved in the crime, as well as its conservation and CITES status. Only after this process, does it become possible to determine the real consequences of the crime at a populational or even ecosystem level, to punish the responsible criminals for their actions and to practically intervene [1,11,12]. Despite the situation, methods to perform a suitable determination of the species can be divided into morphological and molecular.



3.1. Morphological Identification


Morphological identification is normally inexpensive and usually suitable to identify which species are involved in a crime scene. Some illegally traded body parts are very revealing, such as rhino horns or elephant tusks, but others may be challenging to identify. In those cases, expertise, comparative reference material and enough samples are essential to perform with success [11]. Physical identification methods include the analysis of footprints, external body parts and necropsies [1].



Footprints may provide the first non-invasive approach to wildlife crime. However, interspecific similarities and intraspecific differences in animal paws may strongly conditionate a definitive identification.



On the other hand, hair is a more significant finding to perform identification. Mammals have different hair segments, regarding length (cortex and medulla), the pattern of cuticle scale, diameter, and color. These aspects can be analyzed with compound optical or scanning electron microscopes [1,13]. Moreover, hair is considered as more resistant to post-mortem decomposition due to its content of keratin and dead keratocytes, even though some changes usually happen, such as root banding [14,15].



However, hair is not the only skin coating present in animals. For instance, reptiles and fish have epidermic and dermic scales, respectively, that cover their bodies. Reptiles have scales made of keratin. Fish may present different scale types, depending on the species. Bony fish have scales made of dentine and enamel (like teeth), while cartilaginous fish present placoid scales (spiny and small scales, usually called dermal denticles) [16,17]. Like hair, reptile scales present different colors, shapes and patterns that may work as a visual fingerprint [18]. Considering fish, scales have been used to distinguish genera, species and even local populations. Different fish taxa present distinct allometry, shape and patterns, depending on several aspects, such as the growth rhythm or swimming mode [19].



Furthermore, feathers are also valuable for wildlife forensic sciences. Feather nodes, barbs, barbules and pigmentation patterns are morphological details that can be used for identification. As an illustration, doves’ feathers have nodes that have a distinctive “crocodile shape” associated with long barbs and barbules, which are pathognomonic of doves [20].



We have decided to mention internal organs and necropsies in Section 4, even though they may also play a complementary role in morphological identification [1]. However, most of the time, it is in determining the cause of death that necropsies are irreplaceable.




3.2. Molecular Identification


Mitochondrial genome and nuclear genome are the two major molecular tools used in wildlife forensic sciences in the identification of the species, population gender or (when possible) the individual, parentage analysis and phylogenetics [1,21].



Nevertheless, mitochondrial DNA is the most used choice in wildlife forensic sciences, due to the location in the cell and availability; and other features that make it more probable to be isolated from the evidence. Moreover, mitochondrial DNA presents regions with lower mutation rates, and regions with higher mutation rates; both are useful in identification. For instance, lower mutation rate regions (ribosomal RNA (12S)) will be helpful for higher-level taxonomic classifications (e.g., kingdoms, classes). Higher mutation rate zones (as cytochrome b (cytB)) will be used at closely related taxa (at a species level). The constant development and update of mitochondrial DNA databases is crucial to progressively pinpoint this comparative method and allow forensic scientists to identify individuals at a subspecies or populational level [11,22,23]. Moreover, mitochondrial DNA is also being used to study animals’ age, longevity determinations and age-related diseases through a database (MitoAge®), with more than nine hundred species registered [24].



The use of nuclear DNA in wildlife forensic sciences is mostly dependent on Short Tandem Repeat (STR) analysis, based on an animal’s genetic profile. Nuclear DNA markers include microsatellites, Amplified Fragment Length Polymorphism (AFLP), Random Amplified Polymorphic DNA (RAPD), and Short Sequence Repeats (SSRs). Once again, more relevant, and complete nuclear DNA databases are needed to properly generalize the use of these techniques in wildlife forensic sciences [21].





4. Characterization of Criminal Actions


4.1. Animal Death


In some wildlife crimes, the illegal act consists of intentionally or accidentally killing wildlife, due to the species, methods or purposes involved. In these cases, detailed history, necropsy and documentation are essential to perform a timeline of events and obtain proper conclusions regarding the cause of death. A pathologist with experience in wildlife and records of every observation are also very relevant [6].



Some crimes, such as poisoning, require complementary analysis (i.e., toxicology) to identify the substance responsible for the death or injury, in association with routine necropsy. This is important because poisoning may have no pathognomonic gross or histopathologic findings. Routine sample collections in those cases should include liver, kidney, urine, blood and stomach content. However, it is always advantageous to have a general idea about what substances should be screened based on the history, location or lesions found in the animal. In most substances, stomach content should be carefully analyzed because it may contain the bait and/or solid or liquid toxic substances [6]. An animal intoxicated by acetylcholinesterase inhibitors (such as organophosphates or carbamates) may show signs of convulsion, salivation, urination, defecation or emesis [6,25,26]. After death, analyses of the stomach content (to determine the substance) and brain (for acetylcholinesterase testing) confirm the cause of death. On the other hand, rodenticide poisoning (such as warfarin, brodifacoum or bromadiolone) usually cause external or internal signs of unproper coagulation (petechiae, bruises and other signs of internal bleeding). A determination of the anticoagulant substance on the liver confirms the diagnosis [6,27,28]. Considering wildlife, the intentional carbofuran poisoning of vultures (which are under threat in many regions of the world) in Kenya was detected. Carbofuran is known to be highly toxic to many species and it is prohibited as an agricultural pesticide in most countries [29].



When the cause of death is a gunshot, evident lesions may be present, such as lacerations, fractures, compressions and crushing wounds with or without cavitation. Embolization or secondary infection may also occur. A proper examination of these lesions may provide important forensic details. Entrance wounds are usually smaller, round and more discrete than exit wounds. Abrasion of the wound’s marginal tissues may be visible. However, the maximum bullet diameter can only be accurately determined in the bone (if the bullet reaches this tissue), due to the laxity of the skin or other soft tissues [6,30]. Before the internal necropsy, radiographs should be taken to find all bullet fragments and determine the bullet direction. During the internal examination, angles and bevels in bones also help to describe the bullet’s travel [31]. The collection of the fragments must be conducted carefully without damaging the surrounding tissues, and with plastic forceps. Then, those fragments should be measured or photographed with scale. Vials or small paper envelopes are suitable to store and send them to ballistic analysis (e.g., gun type, bullet caliber) [6,30].



Other causes of death in wildlife forensic sciences may include starvation, thirst or drowning. All of these require specific and challenging identification of primary and secondary alterations in the body to declare them as death causes. Even when detailed information is available at the crime scene, some of them may only be determined by exclusion. For instance, in a suspected drowning, it is difficult to establish if the animal was not already dead when the body entered the water. Fluid in the respiratory tract is indicative of a possible drowning. Moreover, the docimasia test (or hydrostatic test) may also help determine whether there was still air circulating in the respiratory lung when the animal died. A lung fragment is thrown into a water recipient, and, under normal circumstances, it should float due to the air present in the alveoli [32]. However, this is not pathognomonic of drowning. Histopathologic changes may include the enlargement of the alveoli, bleeding, the presence of foreign material in the deeper respiratory tract (alveoli) or concomitant swallowed water, to support this hypothesis. In wild birds, tiny connections between bones and air sacs may lead to the active entrance of water in the medullary space, in case of drowning. Nevertheless, it is implausible to be seen when water passively enters a carcass thrown into the water after death [6,33,34].



Whatever the cause of death, a complete and detailed forensic pathology report can provide an essential contribution in terms of legal and juridical compliance. Photo documentation of every lesion, foreign body or crime scene evidence (with proper light and measurements) is also crucial to support written descriptions [6]. Rulers and scales must be used to provide an adequate idea about the size and layout of a lesion or object. Some of these instruments are L-shaped and provide important geometrical references in photographs to avoid the misinterpretation or manipulation of them [35]. Everyone present at the crime scene and during the forensic procedure must be registered [6].




4.2. Other Crimes


Wildlife forensic sciences also play an essential role in explaining what happened to a live animal. Using animals for illegal purposes (e.g., pet trade, breeding, entertainment, ceremonial use, neglecting or even zoophilia) is an unfortunate reality that requires a detailed forensic investigation and, if possible, the identification of the people responsible. A medical examination of the confiscated animals may indicate their illicit use, any diseases, and help to decide where the animal should be placed (e.g., re-introduced to the wild or captivity) [36].





5. Timeline of Events


The determination of the post-mortem interval in a carcass is crucial to establishing a logical timeline of events in forensic investigations. Accuracy in this determination has been consistently high over the last decades, without major improvements. Using a combination of methods (rather than a single procedure) is highly recommended. Estimating the time of death is deeply dependent on several geographic, environmental or circumstantial factors. Therefore, the obtained post-mortem interval is always approximate. Even though most determination strategies have been developed for human bodies, an adaptation to animal species also allowed wildlife and animal pathologists to estimate post-mortem intervals in other species [37].



Different disciplines and methods contribute to this goal, such as gross pathology, histology, taphonomy, temperature-based methods, post-mortem chemistry, molecular methods, microbiology, radiology and entomology. A detailed explanation of the theoretical basis of every single forensic strategy to determine the post-mortem interval goes far beyond the purpose of this article, and are not specifically applied to wildlife forensics but to all other forensic areas instead. However, we have decided to present some examples [37,38].



Forensic entomology is a discipline that uses the time of insect colonization, insects’ identification, and the development stage of these colonizers to estimate the post-mortem interval. Geographical and environmental factors (temperature, humidity) influence this colonization, depending on the insect species. Considering wildlife, the same species may present distinct insect colonization depending on the region of its death [37,38,39,40].



Forensic radiology is another discipline in forensic sciences that uses imaging techniques, including standard radiography, computed tomography, and magnetic resonance imaging. The application of these last two diagnostic imaging techniques to study dead carcasses is called virtopsy. Besides providing details about the cause of death or any lesions, some imaging findings are typical or very usual in a particular period after death. For instance, gas accumulation present in some body parts (chest, mediastinum, gastrointestinal tract) but absent in others may suggest a post-mortem interval [37].



Forensic taphonomy studies what happens to a body between death and the recovery of the body parts. Besides contributing to determining the post-mortem interval, forensic taphonomy may reveal other vital details in the crime scene, such as the movement of the carcass. Some Latin terms are commonly used in forensic taphonomy to describe alterations and help pathologists determine the post-mortem interval and correctly evaluate if changes in corps are ante or post-mortem. Rigor mortis happens when the body cannot break actin-myosin bridges (i.e., there is no longer adenosine triphosphate being produced) present in the muscle tissue, leading to generalized muscle contraction and inability to move joints. Pallor mortis happens when there is a collapse of capillary circulation, and the body becomes progressively pale, which may be difficult to evaluate in animals with dark pigmented skin. Livor mortis also occurs with the failure of blood circulation; by gravity, blood begins to settle to the lowest parts of the body; when livors are fixed, they can allow to determine if the corps was moved, or if the crime scene was manipulated. Algor mortis results in the continuous cooling of the body until reaching the environment temperature [41,42,43,44,45,46] and varies with environment temperature and contact with good heat conductors. Environmental conditions (temperature, humidity, contamination), the species involved, and concomitant lesions or diseases are among the factors that may influence this timeline of change [45,46,47]. As an illustration, when a dead body goes under dry environmental conditions (cool or warm) for several weeks, with very low humidity but proper ventilation, the body may suffer mumification, rather than a more usual decomposition, presenting distinct characteristics [37]. Furthermore, unfortunately, limited taphonomy information applied to wildlife species (such as birds of prey) allows such rigorous post-mortem interval determinations, as it is carried out in human forensics. Data on algor mortis are available from experimentally controlled studies for most game species, but vigorous activity of some animals right before death may conditionate determinations based on algor mortis and rigor mortis. Finally, the physical manipulation of carcasses may also alter the development of rigor mortis [40].




6. Wildlife Forensic Sciences Global Contributions


6.1. Nature Conservation


As illustrated above, wildlife forensic sciences are essential in describing a series of illegal events based on diverse evidence. Predicting and solving wildlife crimes contributes to the stability, health and well-being of wildlife populations. Five agencies unite themselves to create the International Consortium on Combating Wildlife Crime (ICCWC), responsible for fighting wildlife crimes globally. This effort includes the Convention on International Trade in Endangered Species of Wild Fauna and Flora (CITES), the World Bank, the United Nations Office on Drugs and Crime (UNODC), Interpol, and the World Customs Organization (WCO) [12]. The UNODC 2020 report mentioned that approximately 6000 species have been seized, between 1999–2018, including mammals, birds, reptiles, corals and fish. There are no single species responsible for more than 5 per cent of the incidents [48]. Despite this number of agencies and organizations clearly focused in wildlife conservation, more than 70% of the cases of wildlife crimes become unsolved due to an inappropriate identification of species, items or crime evidence [1].



Wildlife crimes represent a significant part of the list of conservation threats that affect wild species. In almost every part of the world, it is possible to find traces of its existence. However, some geographic regions clearly occupy the top positions, contributing more significantly to this serious biodiversity threat. Asia (and especially Southeast Asia) is a huge biodiversity hotspot, where several endemic animal and plant species are threatened by extinction, and is also a hotspot of wildlife illegal trade markets. Some colossal numbers of wildlife traffic are reported, such as 225,000 kg of ivory or 3800 bears that have entered the illegal trade market during the past 10 years [1,49]. The Golden Triangle (Thailand, Myanmar, Laos and China) is a global hub for trade in some of the world’s most endangered species. Tigers, elephants, bears and pangolins are some of the most wanted species in Golden Triangle markets, according to the WWF [50].



Wildlife crime is a severe concern, threatening nature conservation, the economy, politics, health, security and culture, regardless of where we come from [12]. Stopping wildlife illegal acts requires intense monitoring and cooperation from different professionals and institutions to prevent more cases and legally punish their perpetrators. Particularly for the Golden Triangle, closing markets and increasing enforcement are among the proposed measures [50]. Wildlife forensic sciences are an integrated part of these procedures [51,52].




6.2. One Health


A not so recognized role of this scientific field is its contribution to achieving One Health. Reeve-Johnson and Bailey (2016) are two of the few authors that discuss the importance and possibilities of allying these areas of knowledge. These authors also raise awareness of translation research into One Health research, also considering forensics and crime [10]. Figure 2 illustrates the One Health concept and the application of different wildlife forensic sciences to distinct threats.



Wildlife forensic sciences, such as forensic epidemiology, may give us a broad perspective about a disease outbreak (that might affect different species, including humans). Forensic sciences allow health professionals to classify an outbreak as natural, accidental (due to a possible non-compliance of health measures) or intentional (as bioterrorism). Moreover, new disciplines in forensic sciences are getting their relevancy, as microbial forensics. Recent discoveries and improvements in DNA sequencing have allowed a global analysis of entire bacterial communities and ecosystems. Bacterial genes from organisms, which are part of an ecological niche, have been analyzed by researchers for use in forensic investigations of different types [37]. Microbial forensics has been helping to identify the source of significant human and zoonotic disease outbreaks (such as Anthrax, HIV or West Nile Fever). Advanced technology and genetics are considered the main tools for these achievements.



Microbial forensics is undoubtedly an underdevelopment field with global potential, also due to its contribution to preventing and managing bioterrorism [53]. Biological weapons have been part of wars for a very long time, with a vast potential for harm to humans, animals and other living beings. Therefore, bioterrorism is clearly a One Health threat [54]. Bioweapons with zoonotic pathogens are 80% of the considered “priority bioterrorism agents” (Class A) [55]. Moreover, considering that more than 71.8% of zoonotic diseases originated in wildlife [49], the importance of wildlife forensic sciences in a One Health approach becomes even more evident.



Imbalances in the ecosystems may occur due to wildlife crimes, such as the illegal introduction of exotic species, mass poaching, illegal trade or an intentional spill. These will severely threaten the living beings (including humans) that are part of it, not only due to a possible introduction of new infectious agents (bacteria, viruses or fungi) in those populations [56], but also chemical changes in soils and water (such as oil mixtures) [57,58]. Wildlife forensic sciences may contribute to establishing a timeline of events and finding a primary cause for these health hazards (forensic ecology), leading to a better resolution or the prevention of these consequences [53].





7. Conclusions


The different fields and subjects that comprise wildlife forensic sciences have a remarkable impact on the different phases and procedures of wildlife crime. From species identification to establishing a timeline of events, many subdisciplines (as pathology, entomology, taphonomy or microbiology) contribute to answering the right questions in a crime scene.



Several species are very close to extinction and others may become so due to a variety of wildlife crimes. Thus, conservation actions and nature preservation may become ineffective if illegal trade, poaching or other illicit actions are not properly approached.



Humans are part of ecosystems, even though some societies have almost completely lost their direct connections with nature and other living beings. Therefore, the wider importance of wildlife forensic sciences regarding human and animal health (One Health) should not be underestimated.



A more cooperative approach of health sciences, forensic sciences, nature conservation and technology can positively contribute to a faster resolution of most wildlife and global health crimes. Big data analytics and/or artificial intelligence (already developed and applied in other areas) may also be applied in this field, contributing to a well-structured and organized chain of detection, detention, evidence collection, public health surveillance and communication. Multidisciplinary teams, with distinct professional backgrounds, are also important in extracting and interpreting information from various perspectives. Thus, with all this, it will be possible to stop wildlife crimes, and prevent disease outbreaks, environmental disasters or species extinction.







Author Contributions


Conceptualization, C.J.B.; writing—original draft preparation, C.J.B.; writing—review and editing, F.S., J.M.G.-O. and P.A.O.; supervision, F.S., J.M.G.-O. and P.A.O. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by National Funds by the Portuguese Foundation for Science and Technology (FCT) under the phD grant 2021.04520.BD. Moreover, authors of the research unit CITAB (CJB and PAO) received funding from FCT, reference of the project UIDB/04033/2020. The author of the research unit CECAV (FS) received funding from FCT, reference of the project UIDB/CVT/00772/2020.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Gouda, S.; Kerry, R.G.; Das, A.; Chauhan, N.S. Wildlife Forensics: A Boon for Species Identification and Conservation Implications. Forensic Sci. Int. 2020, 317, 110530. [Google Scholar] [CrossRef]

	



Hammond, D.L. Overview of Forensic Document Examination. In Encyclopedia of Forensic Sciences: Second Edition; Elsevier: Amsterdam, The Netherlands, 2013; pp. 41–394. [Google Scholar] [CrossRef]

	



Dirzo, R.; Raven, P.H. Global State of Biodiversity and Loss. Annu. Rev. Environ. Resour. 2003, 28, 137–167. [Google Scholar] [CrossRef]

	



Palmbach, T.M. Education and Accreditation in Forensic Science. In Encyclopedia of Forensic Sciences: Second Edition; Elsevier: Amsterdam, The Netherlands, 2013; pp. 171–174. [Google Scholar] [CrossRef]

	



Dolan, J.A. Chapter 26 Forensic Analysis of Fire Debris. Handb. Anal. Sep. 2008, 6, 873–922. [Google Scholar] [CrossRef]

	



Viner, T.C.; Kagan, R.A. Forensic Wildlife Pathology. In Pathology of Wildlife and Zoo Animals; Academic Press: Washington, DC, USA, 2018; pp. 21–40. [Google Scholar] [CrossRef]

	



Sleeman, J.M.; Richgels, K.L.D.; White, C.L.; Stephen, C. One Health: A Perspective from Wildlife and Environmental Health Sectors. Sci. Tech. Rev. 2019, 38, 91–98. [Google Scholar] [CrossRef] [PubMed]

	



OIE One Health Global Health Risks and Tomorrow’s Challenges. Available online: https://www.oie.int/en/what-we-do/global-initiatives/one-health/ (accessed on 12 April 2022).

	



Mackenzie, J.S.; Jeggo, M. The One Health Approach—Why Is It So Important? Trop. Med. Infect. Dis. 2019, 4, 88. [Google Scholar] [CrossRef]

	



Reeve-Johnson, L.; Bailey, D. Forensic Science and Applications to One Health. In Practical Veterinary Forensics; Bailey, D., Ed.; CAB International: Oxfordshire, UK, 2016; pp. 35–43. [Google Scholar]

	



Meiklejohn, K.A.; Burnham-Curtis, M.K.; Straughan, D.J.; Giles, J.; Moore, M.K. Current Methods, Future Directions and Considerations of DNA-Based Taxonomic Identification in Wildlife Forensics. Forensic Sci. Int. Anim. Environ. 2021, 1, 100030. [Google Scholar] [CrossRef]

	



Wildlife Crime | CITES. Available online: https://cites.org/eng/prog/iccwc/crime.php (accessed on 24 May 2022).

	



Sallawad, S.; Sahu, M. Species Identification through Morphological Features of Animal Hair-A Method for Species Identification in Wildlife Forensic Cases. Int. J. Multidiscip. Res. Mod. Educ. 2017, 3, 130–132. [Google Scholar]

	



Wilson, A.S.; Tobin, D.J. Hair after Death. In Aging Hair; Trüeb, R., Tobin, D., Eds.; Springer: Berlin/Heidelberg, Germany, 2010; ISBN 9783642026355. [Google Scholar]

	



Koch, S.L.; Michaud, A.L.; Mikell, C.E. Taphonomy of Hair—A Study of Postmortem Root Banding. J. Forensic Sci. 2013, 58, S52–S59. [Google Scholar] [CrossRef]

	



Long, J.H.; Hale, M.E.; Mchenry, M.J.; Westneat, M.W. Functions of Fish Skin: Flexural Stiffness and Steady Swimming of Longnose Gar, Lepisosteus Osseus. J. Exp. Biol. 1996, 199, 2139–2151. [Google Scholar] [CrossRef]

	



Chang, C.; Wu, P.; Baker, R.E.; Maini, P.K.; Alibardi, L.; Chuong, C.M. Reptile Scale Paradigm: Evo-Devo, Pattern Formation and Regeneration. Int. J. Dev. Biol. 2009, 53, 813–826. [Google Scholar] [CrossRef]

	



Sacchi, R.; Scali, S.; Pellitteri-Rosa, D.; Pupin, F.; Gentilli, A.; Tettamanti, S.; Cavigioli, L.; Racina, L.; Maiocchi, V.; Galeotti, P.; et al. Photographic Identification in Reptiles: A Matter of Scales. Amphib.-Reptil. 2010, 31, 489–502. [Google Scholar] [CrossRef]

	



Ibáñez, A.L.; Guerra, E.; Pacheco-Almanzar, E. Fish Species Identification Using the Rhombic Squamation Pattern. Front. Mar. Sci. 2020, 7, 211. [Google Scholar] [CrossRef]

	



Dove, C.J.; Koch, S.L. Microscopy of Feathers: A Practical Guide for Forensic Feather Identification. J. Am. Soc. Trace Evid. Exam. 2010, 1, 15–17. [Google Scholar]

	



Mitra, I.; Roy, S.; Haque, I. Application of Molecular Markers in Wildlife DNA Forensic Investigations. J. Forensic Sci. Med. 2018, 4, 156. [Google Scholar] [CrossRef]

	



Cronin, M.A.; Palmisciano, D.A.; Vyse, E.R.; Cameron, D.G. Mitochondrial DNA in Wildlife Forensic Science: Species Identification of Tissues. Wildl. Soc. Bull. 1991, 19, 94–105. [Google Scholar]

	



Linacre, A. Application of Mitochondrial DNA Technologies in Wildlife Investigation—Species Identification. Forensic Sci Rev 2006, 18, 1–8. [Google Scholar] [PubMed]

	



Toren, D.; Barzilay, T.; Tacutu, R.; Lehmann, G.; Muradian, K.K.; Fraifeld, V.E. MitoAge: A Database for Comparative Analysis of Mitochondrial DNA, with a Special Focus on Animal Longevity. Nucleic Acids Res. 2016, 44, D1262. [Google Scholar] [CrossRef]

	



Vandenbroucke, V.; van Pelt, H.; de Backer, P.; Croubels, S. Animal Poisonings in Belgium: A Review of the Past Decade. Vlaam. Diergeneeskd. Tijdschr. 2010, 79, 259–268. [Google Scholar]

	



Grilo, A.; Moreira, A.; Carrapiço, B.; Belas, A.; Braz, B.S. Epidemiological Study of Pesticide Poisoning in Domestic Animals and Wildlife in Portugal: 2014-2020. Front. Vet. Sci. 2021, 7, 616293. [Google Scholar] [CrossRef]

	



Albert, C.A.; Wilson, L.K.; Mineau, P.; Trudeau, S.; Elliott, J.E. Anticoagulant Rodenticides in Three Owl Species from Western Canada, 1988–2003. Arch. Environ. Contam. Toxicol. 2010, 58, 451–459. [Google Scholar] [CrossRef]

	



Watt, B.E.; Proudfoot, A.T.; Bradberry, S.M.; Vale, J.A. Anticoagulant Rodenticides. Toxicol. Rev. 2005, 24, 259–269. [Google Scholar] [CrossRef] [PubMed]

	



Otieno, P.O.; Lalah, J.O.; Virani, M.; Jondiko, I.O.; Schramm, K.W. Carbofuran and Its Toxic Metabolites Provide Forensic Evidence for Furadan Exposure in Vultures (Gyps Africanus) in Kenya. Bull. Environ. Contam. Toxicol. 2010, 84, 536–544. [Google Scholar] [CrossRef] [PubMed]

	



Shrestha, R.; Kanchan, T.; Krishan, K. Gunshot Wounds Forensic Pathology; StatPearls: St. Petersburg, FL, USA, 2022. [Google Scholar]

	



Kahana, T.; Hiss, J. Forensic Radiology. Br. J. Radiol. 2014, 72, 129–133. [Google Scholar] [CrossRef] [PubMed]

	



Dimaio, V.J.M.; Molina, D.K. DiMaio’s Forensic Pathology, 3rd ed.; CRC Press: Boca Raton, FL, USA, 2021; ISBN 9781000389104. [Google Scholar]

	



McEwen, B.J.; Gerdin, J. Veterinary Forensic Pathology: Drowning and Bodies Recovered From Water. Vet. Pathol. 2016, 53, 1049–1056. [Google Scholar] [CrossRef] [PubMed]

	



Armstrong, E.J.; Erskine, K.L. Investigation of Drowning Deaths: A Practical Review. Acad. Forensic Pathol. 2018, 8, 8–43. [Google Scholar] [CrossRef] [PubMed]

	



Ferrucci, M.; Doiron, T.D.; Thompson, R.M.; Jones Ii, J.P.; Ballou, S.M.; Neiman, J.A. Dimensional Review of Scales for Forensic Photography; U.S. Department of Justice: Washington, DC, USA, 2013. [Google Scholar]

	



IUCN. IUCN Guidelines for the Placement of Confiscated Animals; IUCN: Gland, Switzerland, 2000. [Google Scholar]

	



Brooks, J.W. Postmortem Changes in Animal Carcasses and Estimation of the Postmortem Interval. Vet. Pathol. 2016, 53, 929–940. [Google Scholar] [CrossRef] [PubMed]

	



Sharma, R.; Kumar Garg, R.; Gaur, J.R. Various Methods for the Estimation of the Post Mortem Interval from Calliphoridae: A Review. Egypt J. Forensic Sci. 2015, 5, 1–12. [Google Scholar] [CrossRef]

	



Brundage, A.; Byrd, J.H. Forensic Entomology in Animal Cruelty Cases. Vet. Pathol. 2016, 53, 898–909. [Google Scholar] [CrossRef]

	



Stroud, R.K. Wildlife Forensics and the Veterinary Practitioner. Semin. Avian Exot. Pet Med. 1998, 7, 182–192. [Google Scholar] [CrossRef]

	



Wolfe, J. Easing Distress When Death Is Near. In Textbook of Interdisciplinary Pediatric Palliative Care; Wolfe, J., Hinds, P.S., Sourkes, B.M., Eds.; W.B. Saunders: Philadelphia, PA, USA, 2011; pp. 368–384. [Google Scholar]

	



Tsokos, M. POSTMORTEM CHANGES | Overview. In Encyclopedia of Forensic and Legal Medicine; Payne-James, J., Ed.; Elsevier: Amsterdam, The Netherlands, 2005; pp. 456–476. [Google Scholar]

	



Stiner, M.C. Taphonomy. In Encyclopedia of Archaeology; Pearsall, D.M., Ed.; Academic Press: Washington, DC, USA, 2008; pp. 2113–2119. ISBN 9780123739629. [Google Scholar]

	



Rattenbury, A.E. Forensic Taphonomy. In Forensic Ecogenomics: The Application of Microbial Ecology Analyses in Forensic Contexts; Elsevier: Amsterdam, The Netherlands, 2018; pp. 37–59. [Google Scholar] [CrossRef]

	



Kori, S. Time since Death from Rigor Mortis: Forensic Prospective. J. Forensic Sci. Crim. Investig. 2018, 9, 555771. [Google Scholar] [CrossRef]

	



Brown, C.; Peckmann, T. Decomposition Rates and Taphonomic Changes Associated with the Estimation of Time Since Death in a Summer Climate: A Case Study from Urban Nova Scotia. Can. Soc. Forensic Sci. J. 2014, 46, 209–230. [Google Scholar] [CrossRef]

	



Munro, R.; Munro, H.M.C. Estimation of Time since Death. In Animal Abuse and Unlawful Killing; Elsevier: Amsterdam, The Netherlands, 2008; pp. 88–93. [Google Scholar]

	



United Nations Office on Drugs and Crime (UNODC). World Wildlife Crime Report: Trafficking in Protected Species 2020; United Nations Office on Drugs and Crime: New York, NY, USA, 2020. [Google Scholar]

	



Krishnasamy, K.; Zavagli, M. TRAFFIC—Southeast Asia: At the Heart of Wildlife Trade; TRAFFIC: Petaling Jaya, Selangor, Malaysia, 2020. [Google Scholar]

	



WWF (World Wildlife Fund). Wanted—Top 10 Most Wanted Endangered Species in the Markets Od the Golden Triangle; World Wildlife Fund: Gland, Switzerland, 2017. [Google Scholar]

	



Kurland, J.; Pires, S.F.; McFann, S.C.; Moreto, W.D. Wildlife Crime: A Conceptual Integration, Literature Review, and Methodological Critique. Crime Sci. 2017, 6, 1–15. [Google Scholar] [CrossRef]

	



Nurse, A. Policing Wildlife: Perspectives on Criminality in Wildlife Crime. In Proceedings of the Papers from the British Criminology Conference, Northumbria, Newcastle, UK, 3–6 July 2011; pp. 38–53. [Google Scholar]

	



Joseph, A.; Bishnoi, M.M. Forensic Science Interventions in Wildlife Mediated Zoonotic Outbreaks: A Systematic Review. J. Commun. Dis. 2020, 52, 88–96. [Google Scholar] [CrossRef]

	



Kotwal, A.; Yadav, A. Biothreat & One Health: Current Scenario & Way Forward. Indian J. Med. Res. 2021, 153, 257. [Google Scholar] [CrossRef]

	



Robertson, A.; Robertson, L. From Asps to Allegations: Biological Warfare in History. Mil. Med. 1995, 160, 369. [Google Scholar] [CrossRef]

	



Karesh, W.B.; Cook, R.A.; Bennett, E.L.; Newcomb, J. Wildlife Trade and Global Disease Emergence. Emerg. Infect. Dis. 2005, 11, 1000. [Google Scholar] [CrossRef]

	



Chu, E.W.; Karr, J.R. Environmental Impact: Concept, Consequences, Measurement. In Reference Module in Life Sciences; Elsevier: Amsterdam, The Netherlands, 2017. [Google Scholar] [CrossRef]

	



Fairbrother, A.; Rajagopalan, K.; Garbaciak, S., Jr.; Norrgren, L. Anthropogenic Contamination of Ecosystems—Consequences and Actions (Part G). In Ecology and Animal Health; Norrgren, L., Levengood, J.M., Board, E., Albihn, A., Beasley, V., Magnusson, U., Martineau, D., Roasto, M., Wierup, M., Eds.; Ecosystem Health and Sustainable Agriculture: Uppsala, Sweden, 2012; pp. 241–265. ISBN 978-91-86189-12-9. [Google Scholar]








[image: Forensicsci 02 00058 g001 550] 





Figure 1. Illustration of some wildlife crimes. (a) Poaching and illegal trade (of fur, eggs, ivory or other body parts); (b) poisoning; (c) illegal spill; (d) intentional introduction of invasive species; (e) bioterrorism; and (f) animal cruelty (created with BioRender.com, on 7 July 2022). 
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Figure 2. Application of different wildlife forensic sciences to the One Health concept. Besides the three branches of One Health (human health, animal health and environmental health) some illicit actions that mostly affect each part are represented, as well as the forensic science that may give an important contribution to its prediction or resolution (created with BioRender.com, on 22 September 2022). 
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