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This paper introduces the concept of harm reduction-based health intelligence as the next step in the evolution of urban wildlife surveillance. There are three reasons to evolve urban wildlife health surveillance: (1) proactive steps to reduce vulnerability to health and safety impacts requires an understanding of environments and social structures as well as of the abundance and distribution of animals or hazards; (2) a hazard-by-hazard approach to surveillance causes management to be reactive rather than proactive; and (3) growing interest in urban wildlife ecology, conservation, and welfare plus the growing recognition of the value of urban wildlife for human well-being requires surveillance to be interested in protecting wildlife health as well as human health. Three strategies to help evolve urban wildlife surveillance to health intelligence are; (1) expand from only tracking a single species or a single threat to also tracking factors that increase the vulnerability of the pests and people in a shared urban setting; (2) be integrative and recognize that multiple concurrent harmful things are affecting people, pests and other species in their shared environments; and (3) develop new collaborative approaches to prevent or mitigate persistent harms from persistent pests without eliminating the pests. This article proposes that harm reduction-based intelligence will better equip city planners and pest managers to identify opportunities to act in advance of significant and concurrent harms to people, infrastructure, and wildlife.
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Our attitudes toward wild animals determine if we consider them a pest or as species to be tolerated and even conserved (Delibes-Mateos et al., 2011; Jones et al., 2012; Russell, 2014). For example, protecting rat welfare is of paramount importance in scientific research (Kaliste, 2004) yet our attitudes to urban rats are usually much less magnanimous. Rats that are free-ranging in undisturbed habitats, such as the rock-rat (Zyzomys palatalis) in Australia, are subjects of conservation efforts (Brook et al., 2002) whereas urban brown rats (Rattus norvegicus) are frequently the target of eradication efforts (Capizzi et al., 2014). In the world of urban wildlife health, a quick Google search will show most attention focuses on the role of rats as sources of hazards to other species, such as secondary poisoning of raptors or rodent-borne zoonotic infections. The literature rarely focuses on health for the inherent sake of the rat. Kirkwood and Sainsbury (1996) identified four factors that influence attitudes toward wildlife; (i) the extent to which we are responsible for harm to them; (ii) the extent to which the harmed animals are under our stewardship; (iii) the severity of the problem the wildlife face and (iv) cultural and economic factors, including the popularity of the species involved. The authors noted the illogical but heavily weighted role popularity plays. It is, therefore, easy to understand why wildlife health surveillance rarely prioritizes efforts to protect and promote the health of urban wildlife, which we so often consider to be pests rather than wildlife.

Wildlife health surveillance has historically focused on generating early warning signals of risks to society or on tracking specific infectious diseases of concern for wildlife managers (Stephen and Duncan, 2017). There is a long history of wildlife serving as bio-sentinels for the effects and distribution of environmental pollutants and pathogens (Kuiken et al., 2005; Reif, 2011). Wildlife disease surveillance has been used as a guide to predict and prevent new zoonotic disease risks to the public (Stitt et al., 2007). Despite these successes, there is a growing dissatisfaction with the use of wildlife surveillance, largely in reaction to adverse events. Instead, there are new expectations to produce signals to protect wildlife and human health concurrently and proactively.

There are three reasons to reconsider how we design and use urban wildlife health surveillance. First, changes in urban wildlife social structures and habitats are known to determine wildlife vulnerability to environmental hazards (ex. Bradley and Altizer, 2007; Lee et al., 2018). Tracking clues of changing vulnerability may allow more targeted and proactive actions to avoid impacts on public health and safety as well as to protect wildlife health. Managers may be better able to take precautionary steps when vulnerability is tracked, as opposed to focussing only on the abundance and distribution of animals or hazards. Second, a hazard-by-hazard approach to risk management is insufficient to reduce vulnerability and promote resilience to emerging risks. It dooms management strategies to remain reactive rather than proactive. In an era of unprecedented social, landscape, and climate changes, emerging risks are the norm, reducing the usefulness of surveillance that only tracks known hazards (Stephen et al., 2015). Third, growing interest in urban wildlife ecology, conservation, and welfare (ex. Adams, 2005) and growing recognition of the value of urban wildlife areas and biodiversity for human well-being (Soulsbury and White, 2016) suggest that better information is needed to reciprocally promote the health of wildlife and people in urban environments. Protection of the health of one species should not come at an unsustainable or unacceptable expense to another. Shifting the target of attention away from threats and hazards to health and vulnerability may allow for earlier interventions and open more options for surveillance and action.

Wildlife health is increasingly being viewed as the cumulative effect of social, physical, and biological influences on the capacity of individuals and populations to; (i) access their needs for daily living; (ii) have capacity to cope with and adapt to stressors and change and (iii) meet ecological and social expectations (Nordenfelt, 2011; Hanisch et al., 2012; Stephen, 2014). Wildlife health programs rarely assembled all three aspects into a complete picture. As such, control programs tend to be fragmented and inefficient, or worse, unintentionally impede each other. For example, it has been proposed that rodent control programs focussed on lethal population reduction may increase the prevalence of zoonotic pathogens in some urban rat populations (Lee et al., 2018). Wildlife health surveillance usually does not track factors influencing population vulnerability, leaving that instead to population ecologists who in turn do not take full advantage of health surveillance information.

A significant impediment to wildlife surveillance is the lack of agreement on the indicator threshold that signals the need for an intervention. It is generally accepted that human endeavors should not unnecessarily compromise wild animal welfare (Kirkwood and Sainsbury, 1996), but the threshold for “unnecessary compromise” is ill-defined. It is also unclear if that threshold is different for urban and non-urban wildlife. For example, some stakeholders might have zero risk tolerance and demand eradication of infections from an urban wild population while others see an animal's microbiological flora as part of our biodiversity heritage and thus their associated risks better controlled by managing the human dimensions of risk. First principles of population health (ex. Karpati et al., 2002; Gowan et al., 2014) argue for surveillance that focuses on the determinants of health and vulnerability rather than only on the presence and distribution of hazards, but knowledge gaps preclude evidence-based recommendations on the best variables to monitor in urban wildlife. Moreover, divergent social values complicate finding consensus on thresholds that meet varying risk perceptions.

There are three strategies to evolving wildlife health surveillance to meet the changing landscape of urban wildlife risk to both address growing concerns about the equitable protection of human and urban wildlife health, and to provide more integrated signals to support a precautionary, rather than reactionary, urban pest management approach. First, surveillance needs to evolve from tracking a single threat to an intelligence system that not only tracks hazards and adverse outcomes but also tracks factors that increase the vulnerability of the pests and people in a shared urban setting. For example, the reasons for failure or success of wildlife health management are usually social, rather than biological or physical factors. Therefore, an urban wildlife health intelligence system needs to be able to characterize changes in human dimensions of risk (including changes to the built environment), social conditions affecting human exposure or susceptibility to wildlife-associated harms, and changes in risk perception. At the same time attention must be paid to variables that create cumulative stressors on urban wildlife that increase their vulnerability to new hazards. Research will be needed to specify and prioritize determinants of vulnerability for a given location. However, a general wildlife health intelligence system needs to be able to gather information on; (i) the biological endowment of the population (ex diseases and stressors); (ii) the animal's social environment (ex. extent of competition and demographics); (iii) the quality and abundance of the needs for daily living (ex. food supplies and habitat availability); (iv) their abiotic environment (ex. climate variables such as floods); (vi) sources of direct mortality (ex. lethal pest control), and (vii) changing human expectations (ex. social attitude and municipal policies). This strategy is compatible with ecological-based pest management (Singleton et al., 1999) as well as bio-economic approaches to rodent pest control (Stenseth et al., 2003). It is also compatible with opinions that ecological-based pest management must attend to social and cultural dimensions to ensure pest control efforts are adopted and sustained (Palis et al., 2007).

Second, an urban wildlife health intelligence system needs to recognize that multiple concurrent harms are affecting people, pests, and other species in their shared environments. Over abundant rodents, for example, can cause various social harms (ex fear, zoonotic disease transmissions and damage to housing infrastructure); harm rodent predators and scavengers (ex. impacts of rodenticides on the safety and availability of prey) and impact the rodents themselves (ex. reduced welfare through intra-specific competition and increased non-zoonotic rodent diseases). The importance of each harm will vary between stakeholders, but it is inevitable that their interconnections and interdependencies will create unique challenges and opportunities for intervention. Recognizing the ties between society, nature, and technology has been proposed as a better way to create a comprehensive, cohesive pest management strategy that is ecologically sound and socially acceptable (Mougenot and Roussel, 2005).

Third, given that cities can find it very difficult to eliminate their urban wildlife problems on a sustainable basis (Fernández et al., 2007; Himsworth et al., 2013), new collaborative approaches are needed to find interventions that can prevent or mitigate persistent harms from persistent pests without eliminating the pest entirely.

The various harms created by urban wildlife are embedded in complex socio-ecological systems. Therefore, multiple points of view are needed to characterize and respond to urban pest problems. Because underlying, incessant social conditions can cause pest problems to persist, there is often a feeling of helplessness in efforts to eliminate their negative impacts. As we move from individual animals to the population and ecosystem level, risk management decision-making becomes more variable, uncertain, and complex. The inseparable links between the individual, social and ecologic levels of harm from urban wildlife suggest that multi-level interventions are required to make increment gains in the health of wildlife, human communities and their shared ecosystems. Harm reduction is a set of perspectives and processes that might offer insights into how to evolve urban wildlife health surveillance to this end.

Harm reduction is most often used to describe a set of public health strategies to reduce the harmful consequences of addictive behaviors on individuals and society (Hunt et al., 2003). It acknowledges that society is unlikely to eliminate substances like illicit drugs and that attempts at elimination have been insufficient to prevent the harms arising from addiction. Like illicit drugs, urban pests and their associated hazards are often persistent problems that are hard to eradicate. Harm reduction programs aim to prevent or reduce adverse consequences to all community members rather than only targeting the hazardous substance or circumstance. Harm reduction applies to all the determinants of health and not merely problematic risks. It involves pragmatic approaches to remove barriers to implementing knowledge to protect health and promote sustainability. Harm reduction aims to decrease the impact on multiple actors in a community (in this case human and animals) by addressing both the amount of harm and its impacts (Marlatt, 1996). The amount of harm can be reduced by reducing exposure to and sensitivity of a population to hazards whereas the impacts are addressed by promoting populations' capacity to cope with the harm and by addressing harms as cumulative effects (Stephen et al., 2018b).

An urban wildlife health intelligence program based on harm reduction would need to adopt the following six principles (based on BCMOH1). First, collect data on the nature and distribution of the social, health, and animal harms as opposed to only tracking the causes of harms such as pathogens or diseases. Second, recognize that pest or their diseases are not likely to be eliminated in the short term and therefore seek information on variables that can pragmatically be manipulated to reduce animal and human vulnerability to pest related harms. Third, develop an information network that will reveal feasible options to help populations cope with existing harms within the current circumstances while efforts to eliminate these harms are ongoing. Fourth, health intelligence signals need to identify and prioritize actions that can produce incremental gains that can be built on over time. Fifth, recognize that actions attacking one harm may have unintended consequences for other harms, necessitating integrated analysis. Finally, health intelligence systems need to be people oriented and actively engage a diversity of players to find pathways and control points that can be targeted to reduce harms across various perspectives, priorities, and values.

Figure 1 illustrates the relationship between health intelligence and harm reduction. Health intelligence helps to set priorities for harm reduction actions. Health intelligence uses surveillance to create situational awareness of harmful substances or circumstances along with reconnaissance to characterize the local conditions that may impede or enable interventions. The total amount of harm caused by urban wildlife is affected by the total harms across social and animal domains and the impacts of those harms. A socio-ecological assessment of harms helps identify targets for health intelligence.
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FIGURE 1. Conceptual model of the integration of health intelligence and harm reduction to set priorities for urban wildlife health surveillance and action.



Harm reduction place decisions makers' needs at the forefront of their design and implementation (Regmi et al., 2016). As there are multiple layers of decision makers in pest management, from the household to senior government officials, a harm reduction-based health intelligence system needs a good human network to ensure analysts understand the information needs, priorities, and thresholds across the decision-making spectrum. Contextual understanding helps turn information into intelligence and increases the likelihood that surveillance and reconnaissance results will be put into action (Haines et al., 2004). As much attention needs to be placed on human intelligence and information networks as on datasets to turn diverse sets of information into coherent intelligence outputs.

Harm reduction-based health intelligence should help people make informed decisions and empower them to minimize harms by identifying ways to reduce negative impacts until a hazard can be moderated or eliminated. Harm reduction promotes collaborative policy and action by discovering means for horizontal, cooperative approaches to protecting health in advance of serious, irreversible impacts. Adopting a harm reduction perspective is not a rejection of the current surveillance paradigm but rather a call to expand our scope of observations to ensure that opportunities to lessen harms can be identified and acted on while we strive to directly prevent or avoid the negative consequences of urban wildlife. Decision-makers need to understand the full scope of a pest problem and how to; (i) recognize priority problems and needs, (ii) track progress to evaluate the impact of interventions, and (iii) make evidence-based decisions on policy, program design and resource allocation (Regmi et al., 2016).

It is important to note the word “evolving” in the title of this paper. The scope of most wildlife health programs is more limited than what I am proposing above. Neither literature nor legislation describe the necessary features of an urban wildlife health intelligence system. Stephen et al. (2018a) have proposed a generic set of attributes of national wildlife health surveillance programs that share features with those described in this paper particularly; (i) the expectation to integrate health into risk management planning and assessment, (ii) an interest in the determinants of health as well as health outcomes, and (iii) the need to engage players outside of traditional wildlife health sectors. But their recommendations emphasized free-ranging non-urban wildlife which are more often of concern to trade and conservation. An urban wildlife health intelligence approach needs local information and context to identify feasible and acceptable strategies to reduce pest-associated harms. It is often beyond the capacity of departments responsible for local pest control to have the expertise and human resources to gather all the necessary information by themselves. Strategic partners to enable collective intelligence across multiple departments such as public health, urban planning, and sanitation would be needed. Investment should focus on centralized capacity to collect, integrate, and assess data already being gathered by other departments, supplemented with scientific literature and insights gathered through participatory processes.

Working examples of an urban health intelligence system do not yet exist in the literature but examples exist in other sectors. Epidemic intelligence and public health observatories are public health approaches that use an intelligence approach (Hemmings and Wilkinson, 2003; Paquet et al., 2006). Both track multiple lines of information on hazards, hosts and environments to identify vulnerabilities and threats before they impact populations. The Canadian Wildlife Health Cooperative has adopted these concepts to evolve its surveillance database to an intelligence platform. Its ongoing work is exploring how ecological, environmental, and microbiological clues from nature and farms can inform wild bird avian influenza preparedness. This article call for an urban wildlife health intelligence system is a response to the growing need for tools and practices to link diverse data sources to better reflect the origins of and solutions to problems from human-wildlife interactions. However, specifying the precise information to track will depend, in part, on the species being managed, the availability of contextual information and emerging research to identify the most reliable signals. The intent of this paper is to inspire investigation and investment to move this idea from the conception to implementation.

There will always be a need to control urban wildlife. As we become more urbanized, there will also be the need to sustain the benefits of urban wildlife for human well-being. The world is experiencing unprecedented rates of social and environmental changes due to climate change, global movement of people and products, and rapid urbanization (Biermann, 2007; Horton et al., 2014). A new approach is needed to provide the necessary situational awareness to stay on top of the inevitable emerging risks that will arise with these changes. The concept of harm reduction and the needs to expand the realms of wildlife surveillance have been recommended elsewhere (ex. Stephen and Duncan, 2017; Stephen et al., 2018b) and serve as a basis to advocate for the changes discussed in this article. By evolving urban wildlife health surveillance from its tradition of solely looking at the distribution and prevalence of hazards to a harm reduction-based intelligence approach, I propose that city planners and pest managers will be better equipped to identify opportunities and needs to act in advance of significant harms to people, infrastructure and the wildlife that call our cities home.
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1British Columbia Ministry of Health (BCMOH). Harm Reduction: a British Columbia Community Guide. British Columbia Ministry of Health. Available online at: http://www.health.gov.bc.ca/library/publications/year/2005/hrcommunityguide.pdf (Accessed May 5, 2018).
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Feral cats (Felis catus) are predators that cause widespread loss of native wildlife in urban ecosystems. Despite these risks, cats are commonly released as control agents for city rats (Rattus spp.). Cats can influence their prey directly by killing or indirectly through changes to feeding or space-use. However, cats prefer defenseless prey, and there are no data suggesting that cats influence large (>300 g) urban rats. We used a pre-existing radiofrequency identification assay (microchipped rats and field cameras) and ethograms to assess the impact of cats, including temporal and space use patterns, on an active rat colony. From Dec 27, 2017 through May 28, 2018 we captured 306 videos of pre-identified cats and/or rats that shared the same space. There were three instances of predation and 20 stalking events. Logistic regression showed the likelihood of a rat being seen on a particular day is associated with the number of cats seen on the same day (OR = 0.1, p < 0.001) or previous day (OR = 0.15, p < 0.001). Space-use was also impacted. For every additional cat sighting, a rat is 1.19 times more likely to move in the direction of shelter. Our findings of low levels of predation support why ecologists believe the risks to native wildlife outweighs any benefits of releasing cats. Even though rats were less likely to be seen, they simply shifted their movements and remained present in the system. Our findings that cat presence led to fewer rat sightings may explain the common perception of their value as rat-predators despite the associated risks.
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Pussycat, pussycat, where have you been?

I've been to London to visit the Queen.

Pussycat, pussycat, what did you there?

I frightened a little mouse under her chair.

… James W. Elliot (1870)


INTRODUCTION

Cat predation on rodents, particularly mice (Mus, Peromyscus spp.), is among the most recognized models of predator: prey interactions, inspiring nursery rhymes, cartoons and public perceptions. Many non-trained observers, however, cannot tell the difference between mice which weigh 20–35 g (Zielinski et al., 1992) and city rats which often weigh 10 times as much (Parsons et al., 2017; Combs et al., 2018). This misconception may be partly responsible for cats being widely considered as a “natural” control tool for rats. However, predators have an energy budget, whereby their caloric intake is maximized (Jeschke et al., 2002) against potential risks from large or defensive prey (Embar et al., 2014). And thus, cats may be more likely to deplete birds and easier meals (e.g., smaller mammals and their young) before moving to rats. Further, as domesticated animals, cats are well adapted to survive on handouts from people (Montague et al., 2014). The domestication of cats, and abundance of easier to obtain alternative foods cast doubts on cats' inclination to prey on city rats and suppress their numbers.

Feral cats can impact on the dynamics of their prey, but there is much stronger data indicating that cats influence native wildlife (Kauhala et al., 2015; Kikillus et al., 2017) than city rats. For example, in Australia (Davies et al., 2017) and the US (Loss et al., 2013), cats represent the greatest source of anthropogenic mortality for native birds and mammals. This has been historically recognized on island ecosystems where cats are evolutionarily novel (Woinarski et al., 2017), but is also true for some continental (Loss and Marra, 2017) and urban systems (Pillay et al., 2018). At current rates of human urbanization, the latter are the fastest growing ecosystems in the world, with more than 70% of people expected to live in cities by 2050 (Zhou et al., 2013). In contrast to the native vertebrates most impacted by cats, city rats have coexisted with cats for centuries. These rats are well adapted to urban ecosystems; they represent a large prey item for all but the boldest cats and can defend themselves. Yet some densely populated cities such as Chicago, IL., USA are widely reported in the media (Glanton, 2017) as making mass efforts to use cats as rat control tools. Not only is releasing cats a risk for wildlife, but it also invites welfare concerns for the cats themselves. For instance, it is common knowledge that a well-fed and cared for cat may coexist peacefully alongside rats. Thus, those who employ cats as pest-control solutions may intentionally avoid feeding them in order to prompt them to hunt (MP, pers. obs.). More conclusive evidence is necessary before cats can be justified as control instruments for rats.

Because of their larger size, city rats may be less vulnerable to cats than native rodents. Feral cats tend to prefer smaller prey, including smaller rodents with a <250 g threshold (Childs, 1986). Much of the evidence identifying cat impacts on Rattus species is from islands, where insular dwarfism may lead to animals be smaller than continental conspecifics (e.g., Foster's rule, Rozzi and Lomolino, 2017). For instance, Karl and Best (1982) examined 229 scats from feral cats on Stewart Island, New Zealand. Rats (Rattus spp.) occurred in 93% of the scats (as compared to 44% birds). However, adult rats in these systems tends to be around 150 g (or half the size of a New York City rat; Parsons et al., 2017; Combs et al., 2018), including Polynesian rats (Rattus exulans) which are the smallest of the human-commensal Rattus. Similarly, Fitzgerald et al. (1991) examined 8 years of feral cat scats on Raoul Island. Ninety percent of the rats were Polynesian rats, with less than 10% from the larger (though still smaller than occurs on mainland), Norway rat (R. norvegicus).

Among the few continental studies that examined the influence of cats on rats, there were mixed results. In Finland, researchers found that 72% of all prey brought home by cats were rodents. However the authors did not distinguish between mice and rats, and indicated that almost half of all kills belonged to exceptionally large cats (Kauhala et al., 2015). Experimental release of 20 native long-haired rats (Rattus villosissimus) in Australia led to rapid extirpation by cats (Frank et al., 2014). However, these rats were also about half the size (150 g) of most city rats. Also in Australia, the analysis of stomach contents from 80 feral cats revealed 80% of their diet was from rodents, but the majority of rats were identified as long-haired rats (Yip et al., 2015).

There is no evidence that cats can directly suppress populations of city rats. However, predation impacts can also arise indirectly via non-lethal effects on prey from the risks of predation. The scent from cats (Felus catus) alone is enough to lower reproductive capacity in some mice (Kelliher and Wersinger, 2009; Voznessenskaya, 2014) and rats (Naidenko et al., 2003; Voznessenskaya et al., 2003; Voznessenskaya, 2014). Predation risk can also limit access to food (Herman and Valone, 2000), an effect that could be exaggerated in urban systems. In the urban environment, rats must navigate exposed environments when seeking new harborage or accessing food or water by some distance (unlike mice that can metabolically produce their own water; Schmidt-Nielsen and O'Dell, 1961, rats may drink up to 30 ml water/day, Siegel and Stuckey, 1947). Avoidance of exposed areas is common in many species of smaller, “vulnerable,” animals (Apfelbach et al., 2015), from small marsupials in Tasmania (Parsons and Blumstein, 2010) to oldfield mice (Peromyscus polionotus) in Southern California (Orrock et al., 2004; Orrock and Danielson, 2009). It is thought the risk of predation drives fear of open spaces or full moons, where exposed, and forage less frequently or for shorter durations and remain closer to home (Orrock et al., 2004; Orrock and Danielson, 2009). However, evidence on the indirect effects from cats on city rats is also limited. Mixed predator scents from dogs and cats together, discouraged rodents from feeding trays, though the authors did not differentiate between mice (Mastomys natalensis) and ship rats (R. rattus) (Themb'alilahlwa et al., 2017). More recently, Carthey and Banks (2018) showed that free living ship rats recognized cat odor, but showed no anti-predator responses either in vigilance or feeding behaviors, suggesting that rats took the risks to access resources.

Indeed, despite the prominent knowledge gaps that persist regarding city rats, such as the well described influence that pheromones have to influence the behavior and physiology of rodents (Hurst and Beynon, 2004; Takács et al., 2016), almost no research has been performed in situ in the urban ecosystem (Parsons et al., 2017). This is because, if rats appear in the city, they exist on property owned by someone. The owners are not eager to allow experimentation by researchers unless the research leads to extermination. Thus, researchers have not had any means of studying urban rats in their natural habitat such as the Frank et al. (2014) experiment, and thereby providing stronger evidence for the influence of cats at a given location, either directly or indirectly, on city rats.



OBJECTIVES

In this paper we investigate how feral cats directly or indirectly impact urban rats. In our longitudinal rat research program in New York City, USA, we have access to an active rat colony inside a waste management facility where, via a pre-existing radio frequency identification (RFID) study, we live-trap, microchip, and release animals while studying their individual life histories, population demographics and behaviors (Parsons et al., 2017). Additionally, there are nearly two dozen feral cats that have lived in close proximity to this research site for several years. Specifically, we assessed whether variations in the number of cats present on a given day, or preceding day, would influence the number of rats observed, or whether the number of rats or humans would be a predictor of the number of cats seen. Our secondary interests were to determine whether the presence of cats had any effect on the prevalence of 8 common rat behaviors or direction of movement across a frequently utilized runway of the main colony.



METHODS


Study Area

New York City (NYC), 40.71° N, 74.01° W, is the second most populous city in North America at roughly 2,000 people/square mile (Griffith and Wong, 2007). With ~8.5 million inhabitants, it consists of 5 boroughs located between the Hudson river and Atlantic Ocean. The climate has warm, moist summers (summer monthly highs average 27.8°C with 19.3°C minima) and cold winters (average monthly max is 5.0°C and −1.5°C minima) with an annual precipitation of 50–200 cm (NOAA). Brown rats (Rattus norvegicus) arrived from Europe by ship between 1700 and 1750 (Puckett et al., 2016; Combs et al., 2018). Because they had few natural predators, they rapidly reached pest status. Predators include red tailed hawks (Buteo jamaicensis), coyotes (Canis latrans), red foxes (Vulpes vulpes) domestic dogs (especially terriers; Canis familiaris), mustellids such as the fisher (Pekania pennanti) and escaped pet ferrets (Mustela putorius furo) and feral cats (Felis domesticus). This area has been referred to as one of the “rattiest cities” on Earth (Robert Corrigan, Department Health and Mental Hygiene, NYC, ret.). This colloquial designation is the result of abundant wastes left out overnight, the amount of rubbish left outdoors and in parks, and the relative lack of predators.



Study Site

We received permission to utilize an industrial waste recycling site in Brooklyn, a south-eastern borough of NYC. The study site is located on one of the properties owned by Waste Management (WM). WM is a provider of comprehensive waste management services in North America, providing services that range from collection and disposal to recycling and renewable energy generation. As part of their commitment of “supporting customers and communities,” WM has agreed to host the New York City rat research project at Fordham University. The recycling plant is an indoor, semi-enclosed building that, as in any industrial, disturbed area, provides ample shelter for rodents. Operations are ongoing day and evening, it is noisy from trucks and excavators and may be noxious from collected rubbish. There is a continuous supply of potential food for small animals, as central operations require that rubbish be brought in, sorted, recycled and disposed of, or shipped out. The site is not climate-controlled and animals may burrow under floors and deep within the walls, thus temperatures inside are variable depending on location. Our primary rat colony (Figure 1) is in a mostly unlit area that is dimly lit or dark day and night. The primary food supply is located immediately to the west of the main burrows.
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FIGURE 1. Experimental set-up for feral cat trials at a semi-enclosed industrial building in New York City from Dec. 27, 2017—May 28, 2018.





Experimental Design

We have an ongoing rat research program at multiple sites in NYC, assessing rat behaviors in relation to scents, while producing ethograms and activity budgets to document city rat behaviors in the natural environment. During the latter part of our previous trials (Parsons et al. unpublished data), several cats entered our research area and persisted throughout the study. Instead of halting experiments, we designed an investigation to quantify the influence of cats on the rat behaviors and movements.

Our methods of live-capture and anesthetization have previously been reported (Parsons et al., 2015, 2016; Parsons et al., unpublished data). An RFID central processor with data logger (PADAR; UID, Chicago, IL, USA) had also been permanently installed (Parsons et al., 2016). The rat colony (Figure 1) had an estimated 120–150 rats, based on 37 live captures (the majority of which were used in another study (Parsons et al., unpublished data). The average weight was 337 ± 13.6 g with average length of 375 ± 4.2 mm (including tail). Additionally, animals from this population are active during most of the day and evening, with some individuals actively recording their presence at RFID sensors the same day and night.

We deployed two infrared field cameras (Browning Strike Force Elite HD) with a 0.4 s trigger-speed, aimed from Northeast to Southeast and West to East across an active, well-established, rat colony inside the urban industrial center (Figure 1). We recorded these data from December 29, 2017 when the first cats were identified until May 28, 2018. We counted the number of triggers by cats, rats and people, and converted these to percent of total videos captured as our primary response variables, while using day as our observation period. We only recorded intervals where at least one rat or cat was captured in order to account for false triggers by researchers, wind, and birds on days when there was otherwise no animal activity.

We also examined whether a cat seen on a previous day influences the rat seen on the subsequent day. We calculated a lag period for cats by subtracting 1 day from when each rat was captured (e.g., we calculated the number of rat triggers as our response in the fitted line plot and used the lag of cats as the predictor). We also calculated a lag period for rats to determine whether their presence on a subsequent day predicted the number of cats.

All videos were reviewed and manually scored by the same observer. We first noted that the presence of the colony entrance (harborage) was to the east (Figure 1) across the south wall, and the bolt exit (relief entrance when the main entrance is blocked) was to the North. Whereas, the typical foraging and water sources the animals utilized were refuse heaps to the west. While scoring cat videos, we recorded all instances of eight primary cat behaviors (Figure 2): walking, running, stalking, chasing (predation), sniffing, feeding, sitting, marking (or overmarking) and direction of movement of animal. As these videos varied in length, some for only seconds, we only recorded instances of an event, and not the duration of a behavior. While scoring rat videos (Figure 3), we recorded all instances of walking, running, freezing, drinking, feeding, sitting, and being chased/predation. Likewise, we recorded direction of movement of the animal. This work was performed under IACUC guidelines for ethical conduct in the care and use of nonhuman animals in research (Fordham IACUC JMS 17-01).
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FIGURE 2. Coat patterns of five feral cats and subsequent ethogram used to score their behaviors at a semi-enclosed industrial building in New York City from Dec. 27, 2017—May 28, 2018. Cat behaviors scored (modified from Stanton et al., 2015) include walking (w): forward locomotion where animal moves slowly. Running (r): animal uses forward locomotion at a rapid gait. Stalking (s): slow forward motion in crouched position, with head low and eyes focused on potential prey. Predation (p): hunting or killing that leads to a direct kill. Sniffing (s): cat smells floor or object by inhaling air through the nose. Feeding (f): animal ingests food, usually from floor. Sitting (s): animal is immobile in upright position. Marking (m): while standing with tail raised vertically, cat releases jet of urine backwards onto a substrate of an object. Tail may quiver as urine is released.
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FIGURE 3. Anaesthetization equipment and typical >330 g rat captured along with ethogram used to score rat behaviors at a semi-enclosed industrial building in New York City from Dec. 27, 2017—May 28, 2018. Rat behaviors scored include walk (w): forward locomotion where animal moves slowly. Run(r): forward locomotion where animal moves at a faster pace, forearms extended. Freeze/stop (f): rats cease activity and become immobile, usually in response to a perceived threat. Drink (d): animal consumes water or other liquid source, usually from puddles. Sniff (s): animal smells object by inhaling air through the nose. Feed (f): animal ingests food particle, often from the floor surface. Sit (s): animal is in relaxed posture, immobile, and may be on haunches with forearms extended.





Statistics

We performed binary logistic regressions to assess whether the proportion of rat triggers were related to the proportion of cat triggers in a given day, whether the proportion of previous day cat sights was related to the proportion of rat sightings on the current day, whether the proportion of rat sightings the previous day was related to the proportion of cat sightings on the current day, and whether the percent of people triggers was associated with the proportion of rats in a given day. We also used binary logistic regressions to determine the relationships between cats and the 8 common rat behaviors (except chase/predation which only occurred 3 times) and direction of movements. Statistical significance (alpha) was set at P ≤ 0.05 and all descriptive and inferential analyses were conducted using Minitab V. 17 (State College, PA).




RESULTS

A total of 306 videos taken over 79 days were scored. Five individual cats were identified based on color, markings and scar patterns (Figure 2). These animals first appeared on December 27 and remained throughout the study. On five occasions, three of the cats appeared on the same day. There were three predation attempts by two cats (one each had a successful attempt) and one unsuccessful attempt. All five cats participated in stalking events (20).

During the period when cats were present (Dec 27–May 28), the number of cats on a given day influenced the likelihood of rats to be seen on the same day (Figure 4, OR = 0.01; 95% CI [0.00, 0.02], p < 0.001). For every 1% increase in the number of cats on a given day, it is 100 times less likely that a rat will trigger a camera on that day. Additionally, the number of cats on a previous day inversely predicted the number of rats (OR = 0.15; 95% CI [0.06, 0.34], p < 0.001). Every 1% increase in the number of cats seen on the previous day results in a rat being 6.6 times less likely to be seen on that day. The number of rats seen on a given day did not predict the number of cats seen on the following day (OR = 0.62, p > 0.1), nor did the number of people seen on a given day influence the likelihood of rats being seen on the same day (OR = 0.44, p > 0.1).
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FIGURE 4. Forest plot and likelihood estimates from binary logistic regressions with varied predictors at a semi-enclosed industrial building in New York City from Dec. 27, 2017—May 28, 2018. Lag refers to sightings on the preceding day.




Behaviors and Space-Use

Two hundred fifty-nine instances of cat behaviors were recorded (Table 1). Among these behaviors, 46.3% (120) included walking in an eastward or westward direction beginning or ending near the rat colony entrance. Two videos culminated with the cat's head encroaching into the rat colony entrance. We found 27.4% of recorded cat behaviors (71) included sniffing. This behavior was performed across the open space floor and included two objects that were commonly over-marked. Two cats (Figure 1) overmarked the central object in the picture (the RFID enclosure) and occasionally perched on the unit, while the other three cats marked the bucket beside the colony entrance. There were 20 stalking attempts and 3 predation attempts, though cats and rats only appeared in the same video fewer than 10 times. Two predation attempts were successful when cats plucked the animal from under a hiding spot (beside the marking object), the lone predation attempt on the open floor was a failure when the rat stopped running, and the cat also ceased the chase, only to stare at it. Because the number of rats seen on a given day did not predict the number of cats seen on the following day, we did not assess number of rat sightings as predictors of any specific cat behavior.



Table 1. Instances of recorded behavior of cats at a semi-enclosed industrial building in New York City from Dec. 27, 2017—May 28, 2018.
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On the other hand, because the number of cats did predict rat sightings, we examined how cat sightings varied with individual rat behaviors. The number of cats on a given day influenced the number of rats moving in an eastward direction toward their colony (Table 2; OR = 1.19; 95% CI [1.00, 1.41], p < 0.05). Walking, a more conservative measure of locomotion than potentially running into a predator, was the only other behavior to vary (positively) with cat sightings.



Table 2. Likelihood estimates in Binary Logistic Regressions with number of cat sightings as predictor of behavior for rats at a semi-enclosed industrial building in New York City from Dec. 27, 2017—May 28, 2018.
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DISCUSSION

This study is the first research to document the direct and indirect influences of identifiable feral cats on a partially-identified population of city rats. This partly-enclosed urban ecosystem was under heavy pressure from cats, as evidenced by the number of cats present and the number of staking attempts from each cat throughout the study. These events occurred during all hours of the day and evening. Yet of the 259 instances of behavior recorded by cats over 79 days/nights, only 3 times did a cat pursue a rat—and only once across an open floor. We were surprised that an area where up to three cats patrolled within the same 24-h period, would have so few direct predation attempts. While field cameras often have a latency period and are not perfect at capturing all behaviors, the cameras did have a fast 0.4 s trigger-speed and the back and forth nature of the chase lends a high likelihood of capturing at least part of the process on video.

We were, at first, surprised that such low predation could result in significant changes in space use and activity time. The odds ratios were very high at predicting rat sightings when the cat was sighted either during a given day (OR = 0.01), or a preceding day (OR = 0.15). We might have expected the rats to be habituated to cats in much the same way they seem to be to human visitation. This, despite the fact, that humans were regularly trapping and releasing rats and when extermination was ongoing as mandated by the city. However, it is also well known that all animals, especially potential prey, overestimate their risks using “simple rules of thumb” (Bouskila and Blumstein, 1992). It is better to falsely assume an organism is dangerous (a false positive) than to assume a dangerous animal is harmless (a false negative) (Johnson et al., 2013). This is primarily because not being sensitive to predation can lead to the ultimate loss of fitness via predation (Bouskila and Blumstein, 1992).

The two successful predation events were likely with smaller individuals under the weight range (<250 g) identified by Childs (1986). Unfortunately, these two individuals were not microchipped and thus we had no measure of weight for them. Additionally, these animals were both captured in hiding beside or beneath cats' preferred marking locations. Thus, it is also possible the rats were sick from disease or baiting from bromadiolone poison. While the researchers have longitudinal access to the study sight, the site owners are legislatively-obligated to continue baiting, even while supporting scientific research. Baiting is a normal part of urban ecosystems in cities throughout the world, and this must be figured into any ecological findings.

At first it seemed counter-intuitive that walking would vary significantly and positively with the number of cats sighted. However, Figure 1 shows that rats could either walk across their runway using cover as they moved east, or potentially run into an ambush. In this context, walking is the more conservative means of locomotion. The animals were more likely to move eastward during heavy cat sightings because this is where the primary shelter and colony entrance is located (Figure 1).

We were mildly disappointed that the RFID station and histories of the previously chipped rats were not more useful to our predation study. However, the RFID set-up still served to give some indication of the number of animals that were present in an active colony and to show that their weights were collectively much greater than the 250 g upper limit (Childs, 1986). Had the antennas been baited with an attractant, the rats might have been more likely to activate their identification tags prior to inducing/performing a specific behavior. As it happened, we were in the process of evaluating a putative scent-deterrent (Parsons et al., unpublished data).

Given our results, we can only note that the public's continued confusion between rats and mice (Mus musculus and Peromyscus spp.) may be encouraging a poor, but risky (Woinarski et al., 2017) approach to rat control. It is clear that although the rats were seen less frequently where we had our cameras placed (open areas), rats were still persisting in a densely-populated colony. Their space use patterns indicate they simply moved elsewhere for food that did not involve cat stalking attempts.

While our results are clear, they should be replicated in areas with a less than continuous food supply. Given the high reproductive rate of city rats(Davis, 1951), when sufficient food is available, one pregnant female can give birth to 6-10 litters of 12 pups each per year. In areas where less food is available, and thus rats are reproducing less frequently, it is possible that the direct effects of predation by cats could be more significant. Further experimental cat control (e.g., data with and without cat presence) is needed to test this phenomenon and to further characterize the effects of cats on rat mortality.

Given that small prey over-estimate risks from predators, further experimentation is also required as to how the presence of cats, or their scents, indirectly influences the feeding rate (Wernecke et al., 2016) and fecundity (Voznessenskaya, 2014) of rats, and whether this has any tangible benefit as an adjunct to rat control (Himsworth et al., 2013). Such information is essential if we are to understand whether the influence of feral cats on rats is remotely worth the risks to native urban wildlife. Our results at a waste recycling facility, however, suggest that city rats can persist in high density, simply by altering their movements, despite the presence of hunting cats.
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Preventing infestations of rats is crucial for minimizing property damage and the transmission of rat-associated pathogens to humans. Due to the logistical challenges in assessing rat abundance over large areas, public officials must often use the number of public rat complaints to estimate the relative abundance of rats and the subsequent need for rodent control. However, the likelihood of reporting complaints may be driven by socioeconomic factors and therefore may not accurately reflect rat abundance. In this study, we tested whether the number of rat complaints reflect rat relative abundance and if rat complaints and abundance are higher in alleys with greater levels of harborage, food attractants, and poor structural integrity. We conducted this study in Chicago, IL, USA where public rat complaints have risen by 39% from 2008 up to 45,887 in 2017, and where socioeconomic factors vary considerably across neighborhoods. We assessed municipal rat complaints, census data, and land cover data for 77 community areas across Chicago. In collaboration with pest management professionals, we trapped brown rats (Rattus norvegicus) in alleys in 13 community areas that varied from low to high measures of household income and urban development. At trapping sites, we recorded signs of rat activity, attractants, and infrastructure condition. Based on candidate model comparisons using linear models, we found that rat complaints were most associated with rat trap success. Rat trap success was most associated with increasing complaints, percent of rented housing units, and decreasing vacant land. At a local scale, alleys with more complaints and higher trap success also had more uncontained garbage. Our results demonstrate that, at least in Chicago, public reporting can serve as a useful tool to identify areas of greater rat activity for targeted control efforts. Our study also suggests the need for habitat modification to minimize access to attractants. Finally, our results highlight how partnerships between researchers and private practitioners can facilitate large-scale projects on rat infestation risks in urban areas.
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INTRODUCTION

Brown rats (Rattus norvegicus) are one of the most abundant and broadly-distributed wildlife species in urban areas worldwide, and frequently come into conflict with residents due to property damage and the spread of zoonotic diseases. Rats have been estimated to cause over $27 billion USD in damage to consumer goods each year in the US (Pimentel, 2007) and some rat-associated zoonoses, such as leptospirosis, are increasing globally (Panti-May et al., 2016; Richardson et al., 2017). To mitigate these risks and costs, municipal governments invest heavily in public education and rodent control; nearly one billion dollars is spent annually on rodenticide products in the United States (Specialty Consultants, 2016).

To effectively mitigate rat-associated risks in urban environments, recent work has examined the environmental factors associated with urban rat abundance. Identifying features that promote infestations across spatial scales is important as higher rat densities are presumed to increase the risk of disease transmission and property damage (Rael et al., 2016). In cities, rat populations or signs of rat activity are often higher in areas with lower incomes and higher rates of building abandonment or vacancy (Himsworth et al., 2014; Johnson et al., 2016; Rael et al., 2016). Thus, the abundance of rats and subsequent risk of property damage and disease transmission is likely heterogeneous across urban neighborhoods. However, most previous studies have examined rats within areas presumed to be high risk (e.g., Himsworth et al., 2013; Panti-May et al., 2016; Rael et al., 2016, but see Ayral et al., 2015), therefore, little is known about changes in rat abundance and associated risks over large spatial scales across diverse urban neighborhoods.

Because it is challenging and expensive to systematically survey large urban areas for signs of rats (Desvars-Larrive et al., 2018), municipal governments must often estimate rat abundance and the need for rodent control based on public rat complaints. However, this assumed relationship between complaints and rat abundance may instead reflect many other factors and may not accurately reflect rat abundance. For example, there may be an intuitive relationship between the abundance of people and the number of complaints. People may also be more likely to report rats based on their own knowledge and attitudes, which has been shown to occur with reporting wildlife conflict from other species (e.g., black bears Ursus americanus; Howe et al., 2010). Specifically, residents may be more likely to complain if they are able to identify signs of rat infestation, are concerned about the risks posed by rat infestations, are aware of how to report complaints, and believe the report will result in action. Similarly, rental tenants might be less likely to report rats, or may instead make complaints to their building managers due to fears of landlord reprisal (Bachelder et al., 2016). The seasonal distribution of rat complaints may also follow seasonal patterns of rat abundance (i.e., peak in late summer in temperate regions (Feng and Himsworth, 2014) or when favorable weather increases human outdoor activity, leading to more rat observations (Hume et al., 2002). Previous analyses of rat sightings suggest that, similarly to observed trends in rat abundance, observations of rats tend to increase with vacant housing, building age, and in areas with lower education levels (Walsh, 2014) and near food attractants (Ayyad et al., 2018). However, it is important to validate any relationship between rat sightings and rat abundance to improve the efficacy and efficiency of rat mitigation efforts.

We studied rats and complaints made about them in the city of Chicago, Illinois, USA, where there appears to be increasing public concern about rat infestations. Chicago reportedly has the most rat complaints per capita of any US city, according to recent estimates of 311 calls (Renthop, 2018). In response to these concerns, the municipal government increased rat control efforts by over $1 million USD in 2018 (Cherone, 2017) and used public complaints to identify areas in need of rodent control (i.e., rodenticide baiting and trapping). This increase in rat control enabled us to compare rates of rat complaints and trap success across Chicago's neighborhoods. In addition to increasing public complaints and rat control efforts, Chicago is an ideal system to explore variation in complaints and rat abundance because Chicago's neighborhoods vary markedly by several socioeconomic and environmental metrics (Perkins and Sampson, 2015). For example, median annual household incomes range from < $15,000 to over $100,000 and resident population density ranges from 59 to 1,241 people/km2 (CMAP, 2017). Thus, the rates of both rat infestations and complaints about rats may vary significantly.

In this study, we tested the assumption that rat complaints reflect the relative abundance of rats across urban neighborhoods. We did so by comparing rates of rat complaints with measures of trap success acquired through a partnership with a private pest control company in 13 community areas across Chicago along gradients of income and urban development. Using the results of this analysis, we then predicted relative rat abundance across the city from complaints. We then investigated correlates of rat abundance and complaints at two spatial scales by collecting socioeconomic data from community areas and recording rat attractants and habitat characteristics in alleys. Lastly, we tested whether the annual distribution of rat complaints was consistent with seasonal changes in rat abundance based on natural history. Our results can be used to predict areas and times of high relative rat abundance to prioritize rat control and mitigate property damage and the spread of rat-associated diseases.



MATERIALS AND METHODS


Study Area and Rat Complaint Dataset

Chicago is a large city of 2.7 million people (United States Census Bureau, 2016) that borders Lake Michigan and has a humid continental climate (average summer high = 24.3°C; average winter high = −0.3°C; National Oceanic and Atmospheric Administration, 2015). Chicago is composed of over 200 neighborhoods that have developed over time but has been officially divided into 77 community areas, which are static and often contain multiple neighborhoods. We studied rat complaints first at the scale of community areas, rather than neighborhoods, because community areas do not change over time and are recognized by the city of Chicago for census and urban planning purposes (City of Chicago, 2010). We also chose this spatial scale because rat complaints varied more between community areas than between neighborhoods within community areas [F-test of equality of variances: F(76, 76) = 15.7, p < 0.001].

The 77 community areas of Chicago are highly variable in terms of socioeconomics and demographics. We accessed socioeconomic and land cover data for all community areas through the Chicago Metropolitan Agency for Planning (CMAP) database of Community Data Snapshots. This dataset summarizes demographic and land use data from the U.S. Census Bureau's 2011–2015 American Community Survey and CMAP's 2013 Land Use Inventory. We then extracted data that have been previously associated with rat activity (e.g., Childs et al., 1998; Ayral et al., 2015) to test whether socioeconomic factors such as household income, rented vs. owned properties, proportion of vacant city-owned land (e.g., vacant lots), and population density, would influence rates of complaints (Table 1).



Table 1. Characteristics of 13 community areas in Chicago, IL, USA used to model public rat complaints as a function of rat trap success and several socioeconomic and landscape variables.
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We accessed all rat complaints made to the City of Chicago Bureau of Rodent Control from January 1, 2008 to April 30, 2018. All complaint records contained the date and UTM coordinates to facilitate seasonal and spatial analyses. The complaints did not contain identifying information such as name or address. When comparing the distribution of complaints with trap success we only included the last 12 months of complaints as these distributions may change across years.



Rat Trapping

Rats were trapped as part of rat control operations by Landmark Pest Management (hereafter Landmark). Trapping effort for this study took place in pairs of alleys in 13 community areas throughout Chicago from April 20 to June 20, 2018 (Figure 1A). These community areas were chosen to represent gradients across socioeconomic variables and land use while attempting to minimize confounding relationships between these variables (Figure 1, Table 1).
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FIGURE 1. Map of the city of Chicago (IL, USA) outlining the 77 community areas. Rats were trapped in pairs of alleys in 13 communities selected along gradients in rat complaints and several socioeconomic and landscape variables (A). Rat trap success was most associated with complaints (A), percent of rented housing units (B), and percent vacant city-owned land (C). Based on our model of these factors, we predict rat trap success across all community areas (D).



In each community area, rats were trapped in the two alleys with the highest levels of complaints, indicated by the city of Chicago Department of Streets and Sanitation. We targeted these alleys to maximize trap success for a concurrent study on rat pathogens and stress across community areas. Although we targeted areas with high numbers of complaints within each community area, there was considerable variation in complaints within the past 12 months within 1 km of trapping alleys in different community areas (range = 7–128).

At each designated trapping alley, Landmark set 10 enclosed snap trap stations (pairs of Victor snap traps in JT Eaton aluminum stations) and baited them with canned cat food following standard procedures. Within an alley, trap stations were on average 15 m apart (ranged between 13 and 18) and checked at least every 48 h. Any trapped rats were double bagged, labeled with the date and alley location ID, and frozen at −20°C. We recorded the start and end dates of the trapping period and any trap losses due to theft to calculate trap success as rats trapped per trap night and per trap set (mean ± S.D. number of trap nights = 54 ± 3, range = 47–57). While accounting for sprung traps (those that are set off for any reason (e.g., rats, non-target species, false closure) is preferred to calculate trap success (Norton, 1987), it was unfortunately not feasible in our study but was uncommon. Therefore, we used the number of rats caught per trap night as an indicator of relative rat abundance (Panti-May et al., 2016).



Habitat Assessments

To test which local habitat features were most associated with higher rat complaints, we visited trapping alleys within 2 weeks of trapping to record rat attractants, harborage, and property structural integrity (Figure 2). We recorded the availability of garbage in three ways: the number of garbage receptacles, the proportion of receptacles with holes large enough to permit rats (i.e., 2 cm in diameter), and uncontained garbage on an ordinal scale (0 = none, 1 = scattered pieces, 2 = piles or bags of garbage). We also recorded the presence or absence of dog waste because it is an anecdotal rat attractant. We quantified the abundance of clutter that could serve as rodent harborage (e.g., pallets, old furniture, vegetation) on an ordinal scale (0 = none, 1 = scattered items, 2 = piles). Lastly, we recorded the condition of the buildings (i.e., structural integrity of foundation, walls, and doors) and the surrounding grounds (i.e., structural integrity of concrete and asphalt, management of vegetation, presence of garbage and harborage) on an ordinal scale from 1 (poor) to 5 (excellent). A score of 1 indicated cracks in foundations, buckled concrete forming holes, many gaps under doors, broken windows, holes in walls, and unmanaged vegetation while a 5 indicated no uncontained garbage or harborage, sealed doors, and garbage receptacles clean and secured. We also recorded visible signs of active rat infestations such a sebum rub marks, gnaw marks on garbage cans and doors, tracks, and feces.
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FIGURE 2. We visited alleys with varying numbers of complaints in 13 community areas of Chicago to estimate any relationships between microhabitat and rat abundance (trap success) or the number of complaints within 1km. We characterized the abundance of uncontained garbage on an ordinal scale as none (A), pieces (B), or piles (C). We also assessed the amount of harborage from vegetation (E) or clutter (F) and access to buildings through the structural integrity of concrete in and around foundations (H) and of walls (I). Assessments of these three factors cumulated into an overall condition score from 1 to 5 with sites in poor condition (C,F,I) having high levels of uncontained garbage, harborage, and poor structural integrity while those in excellent condition had no visible issues (A,D,G).



Because our trapping alleys were chosen based on high levels of complaints (mean number of complaints in 2017–2018 within 1 km = 42 ± 36 S.D.), we also visited two other randomly chosen alleys in each community area to increase our sample and facilitate comparisons to areas with fewer complaints (random alleys: 32 ± 32 complaints within 1 km). These alleys were chosen to be between 1 and 2 km from the trapping alley to reduce spatial autocorrelation but maintain similar socioeconomic and landscape context.



Statistical Analyses

We used linear models to test whether complaints were most correlated with rat relative abundance, or if complaints were more associated with socioeconomics and other factors. To do so we treated the number of rat complaints in each community area within the past 12 months (April 30, 2017–April 30, 2018) as the response variable and generated a suite of six candidate models that represent different hypotheses about how rat complaints may vary across Chicago (Table 2). These six candidate models were composed of the following explanatory variables: rat trap success (rats captured per trap per night traps were active), human population density (individuals per km2), and three indicators of socioeconomic status [median annual household income (USD), percent of rented residences (%), and percent city-owned vacant land (%)]. With these six candidate models, we tested whether the number of rat complaints varied as a function of: (1) rat abundance, (2) socioeconomics (income, percent renters, vacant land), (3) human population density, (4) rat abundance and human population density, (5) rat abundance, socioeconomics, and human population density (global model) and (6) the null model. We used Akaike's information criteria corrected for a small sample size (AICc) to compare the relative quality of each candidate model given the data. When estimating trap success rates, we pooled the number of rats captured across both alleys, which were highly correlated with the average trap success across the two alleys (R2 = 0.95).



Table 2. Comparison of candidate models used to predict rat complaints as a function of rat relative abundance (trap success), socioeconomics, and landscape variables across 13 community areas in Chicago, IL, USA.
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Based on the most important variables in this model comparison, we then compared a similar set of candidate models with trap success as the response variable. We then used the top-ranked model for trap success to predict rat abundance across all 77 community areas (Table 2). In one of these candidate models, complaints were highly correlated with human population density. To reduce multi-collinearity we fit a simple linear regression between these variables, treating complaints as the response and human population density as the independent variable. Following this, we calculated the residuals of this regression and used them in place of human population density, with positive values indicating areas with higher human population density than expected given the number of complaints.

We also compared a suite of eight candidate models to evaluate alley characteristics most associated with rat complaints and trap success. These candidate models had either the number of rat complaints within 1 km of the trapping alley or the trap success at that particular alley as response variables and six independent variables we measured in the field (see Habitat assessments; Table 4). With these candidate models we tested whether rat complaints and/or relative abundance increased with (1) uncontained garbage, (2) the number of accessible garbage receptacles, (3) the presence of dog waste, (4) harborage, (5) building condition, (6) grounds condition, (7) the global model, and (8) the null model. We ranked these models using AICc to determine the most important predictors of rat activity.

Lastly, we tested whether the annual distribution of rat complaints over the past 10 years peaked in late summer, consistent with the period when rat population density is highest. To do so, we used Rayleigh's test of uniformity of circular data using the Circstats package in R (Lund and Agostinelli, 2018). Independent variables were not centered or scaled for any of the aforementioned analyses.




RESULTS


Correlates of Rat Complaints Across Community Areas

We accessed 369,581 complaints made to the Bureau of Rodent Control in Chicago from January 1, 2008 to April 30, 2018. Of these, 12.4% (45,887) were made between April 30, 2017 and April 30, 2018. Yearly rat complaints increased by 39% between 2008 and 2017 (35,410 to 49,043 complaints).

We captured 61 brown rats in 13 community areas from April 20 to June 20, 2018. Rat trap success ranged from 0 to 0.19 rats per trap night across alleys (mean = 0.05 ± 0.06 S.D.). Based on our candidate model comparisons, the number of rat complaints in a community area was most associated with trap success (Table 2). A 0.1 increase in trap success (two rats in a 48 h period; our median value) resulted in a 1,210.8 ± 325.3 increase in complaints made (p = 0.003). The second and third-most top models had similar fit (ΔAICc ≤ 4.0) and contained trap success and residual population density.



Predictors of Rat Relative Abundance Across Community Areas

Because we found a high correlation between complaints and trap success, we then predicted trap success across all 77 community areas using the number of complaints from April 2017 to April 2018. To also evaluate the importance of environmental and socioeconomic factors, we compared a suite of 10 candidate models with trap success as the response variable and rat complaints and either human population density, income, vacant land, or percent of rented households as independent variables (Table 3). Trap success was most associated with the number of complaints, proportion of rented housing units, and proportion of vacant land (Figures 1A–C, 3). Trap success increased with complaints (βComplaints = 1.86 × 10−5 ± 8.95 × 10−6, t = 2.1, p = 0.05) and the proportion of renters (βproportionrenters = 0.13 ± 0.003, t = 4.8, p = 0.0015) but decreased with increasing vacant land (βvacantland = −0.41 ± 0.009, t = −4.5, p = 0.0013; Adjusted R2 = 0.84, F = 22.58 (3.9), p = 0.002; Table 3). Using this model, we predicted trap success for all community areas across Chicago based on the number of complaints in 2017–2018, the proportion of rented units, and proportion of vacant land (Figure 1D). Trap success was predicted to be higher on the Northeastern side of Chicago relative to other parts of the city.



Table 3. Comparison of candidate models to predict rat trap success as a function of public rat complaints and several socioeconomic and landscape variables across 13 community areas in Chicago, IL, USA.
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FIGURE 3. Relationship between the number of rat complaints (between April 1 2017–April 1 2018) and trap success (rats captured per trap per night). The turquoise line shows the fitted line from our top model with the associated 95% confidence interval (shaded region) and 95% predicted interval (dashed lines).





Correlates of Rat Complaints and Relative Abundance in Alleys

We visited 52 alleys within 2 weeks of the trapping period. Our top-ranked model was the global model (Table 4). Complaints near alleys increased with uncontained garbage (βGarbage = 23.1 ± 8.3, t = 2.8, p = 0.008), accessible garbage receptacles (βReceptacles = 1.0 ± 0.4, t = −2.3, p = 0.03), harborage (βHarborage = 1.1 ± 4.5, t = 0.2, p = 0.81), and building condition (βBuilding = 3.8 ± 5.9, t = 0.6, p = 0.53), but decreased with grounds condition (βGrounds = 4.5 ± 7.8, t = 0.6, p = 0.56) and dog waste (βDog = −22.6 ± 12.2, t = −1.9, p = 0.07). Of the individual variables, uncontained garbage was the most important predictor of complaints (t = 2.67, p = 0.01; Figure 4). For trap success, the top-ranked model was uncontained garbage (βGarbage = 0.2 ± 0.1, t = 1.7, p = 0.09) however it was < 4 AICc from all models apart from the global and null models (Table 4).



Table 4. Comparison of candidate models to predict rat complaints or trap success as a function of available attractants, harborage, structural integrity of buildings, and the condition of grounds in alleys.
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FIGURE 4. Boxplot showing the median and quartile values of rat complaints in relation to uncontained garbage in alleys in Chicago, IL, USA. Uncontained garbage was recorded on an ordinal scale (0 = none, 1 = pieces, 2 = piles) and rat complaints were summed within 1 km of the alley.





Seasonal Variation in Rat Complaints

The frequency of rat complaints peaked in August and the distribution of complaints was significantly non-uniform throughout the year (Rayleigh test for circular uniformity Z = 20842.0 p < 0.0001; concentration = 0.489, length of vector = 0.28 in August; Figure 5).
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FIGURE 5. Monthly distribution of rat complaints made to the city of Chicago from April 1 2008 to April 1 2018. Columns show mean values and error bars show standard deviation.






DISCUSSION

Controlling rat populations is a priority for public health and safety in cities around the world. In this study, we investigated whether public rat complaints can serve as a reliable indicator of rat abundance to predict where rodent control is most needed. By comparing municipal rat complaints with rat trap success over 13 diverse community areas in Chicago, we found that complaints were highly correlated with relative abundance of rats. Trap success was greater in community areas with more complaints, a higher proportion of rented units, a lower proportion of vacant property, and in alleys with more uncontained garbage. We also found that complaints varied seasonally, peaking in late summer.

Although there are a number of socioeconomic factors that may affect reporting, the spatial and temporal distribution of public rat complaints appeared to be a reliable indicator of rat abundance across community areas in Chicago. This suggests that public complaints may be an effective tool to identify areas with a high likelihood of rat infestations and where rodent control is most needed. This can increase the efficiency of targeted control programs. In contrast, other potential methods of assessing rat abundance (e.g., systematic surveys performed by rodent professionals) are more labor intensive and costly. While complaints-based systems can be biased in other instances of human-wildlife conflict (Howe et al., 2010; Poessel et al., 2013), there may be less bias in the distribution of rat complaints because public attitudes about rats are more uniformly negative and residents may be more aware of the potential risks associated with rats (Bremner and Park, 2007).

Although complaints appear to be a useful indicator of rat activity, relying on public complaints to direct municipal rodent control is intrinsically a reactive method, failing to address issues that promote infestations. However, because several socioeconomic and landscape factors were associated with rat abundance, these community-level characteristics can also be used to help anticipate rat problems before complaints accumulate. For example, trap success was greater in community areas with proportionately more rental housing, which aligns with higher rates of rat bites on blocks with more rental units in New York City (Childs et al., 1998). Rats may be more abundant in rental properties if tenants or off-site managers are less fastidious about reducing attractants or pest control than owners. As such, city planners seeking to target rat infestations before they arise may benefit from prioritizing areas with a greater abundance of rental units.

At a local scale, food attractants in the form of uncontained garbage was the best predictor of both complaints and rat abundance, supporting public education campaigns in Chicago and other cities to “not feed the rats” (Calder, 2018). Such ephemeral attractants are difficult to quantify but may be important for variation in rat problems within community areas. For example, big-data approaches to predicting local pulses in rat complaints found that garbage-related 311 complaints typically precede spikes in rat complaints within a 7-day window (Thornton, 2013). These findings support the growing body of research that suggests that ecological pest management (e.g., that which reduces access to food resources and harborage) is the most effective and sustainable approach to addressing rat infestations (Colvin and Jackson, 1999). As such, city-wide rat control initiatives must consider strategies not just for rats, but also for underlying issues of waste management.

This positive relationship with uncontained garbage may also explain why trap success was negatively associated with vacant land. While several other studies have observed increased rat activity near vacant buildings (Himsworth et al., 2014; Rael et al., 2016), vacant lots may offer little resources in the way of human food waste. There is increasing appreciation for the ecological value of urban vacant lots (Anderson and Minor, 2017) and their role as rat habitat is an interesting avenue for future research.

Our study demonstrates that public rat complaints are a valuable tool to mitigate property damage and public health concerns from rats. However, it is important to note that it is often difficult to determine whether reporting accurately reflects animal abundance. For example, we witnessed an increase in rat complaints in late summer which is consistent with the period when rat recruitment leads to peak rat population density (Feng and Himsworth, 2014). However, this trend may also be driven in part by favorable weather conditions increasing human outdoor activity.

Future studies that aim to understand the situations in which residents report rat complaints, and their motivations behind reporting, will improve our predictions of spatiotemporal patterns in rat complaints and interpreting the causes behind them (e.g., property damage, concerns about disease, pets). Further, in our study, trap success was an efficient method to measure relative abundance while making use of on-going rodent control across a large and diverse geographic area, which has been a challenge in studying urban rat ecology (Parsons et al., 2017). However, these methods are limited to understanding only the trappable rat population, as there may be many individuals that never enter traps. Other approaches, such as mark-recapture (Desvars-Larrive et al., 2018) or population genetics (Combs et al., 2018b) may help elucidate rat population size and genetic structure to evaluate or target rodent control. For example, a better understanding of the processes driving rat abundance across spatial scales will be useful in understanding the impacts of rodent control on the broader population (Gardner-Santana et al., 2009). At even larger scales, future studies examining variation in correlates of rat abundance across cities (Combs et al., 2018a) will improve our ability to generalize patterns of rat infestations.



CONCLUSIONS

In summary, our study reveals that public complaints about rats may be a useful tool to identify areas and time periods with relatively high rat abundance. Further, we demonstrate that prioritizing areas with greater numbers of rental units and uncontained garbage may increase the efficiency of rodent control programs. These approaches require a better understanding of the motivations behind residents' complaints and the relationships between rat abundance and risk of property damage and pathogen transmission. To move beyond reactive approaches to rats, this information can be used to facilitate proactive control techniques (e.g., reducing access to food sources) in many cities around the world.
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Norway and black rats (Rattus norvegicus and Rattus rattus) are ubiquitous urban pests, inhabiting cities worldwide. Despite their close association with people, urban rats remain difficult to control. This can be partly attributed to a general lack of information on basic rat ecology to inform management efforts. In this systematic review and narrative synthesis, we collate the published literature to provide a comprehensive description of what is known about urban rat movement, including information on home range, site fidelity, dispersal, movement patterns, barriers to, and factors impacting, movement. We also discuss the methodologies used to track and infer rat movement, as well as the advantages and limitations of employing these techniques. Our review suggests that the distances traveled by urban rats are location-specific, determined by both local resource availability and barriers to movement such as roadways. Although roads may impede rat movement, genetic techniques suggest that rats traverse roadways more often than revealed by capture-based tools, while long-distance dispersal events by either natural migration or facilitated by humans (i.e., as stowaways in transport vehicles) can maintain connectivity among distant populations. Because rat movement patterns are related to the transmission of rat-associated pathogens and the success of rodent control programs, these results have implications for city planners, pest control efforts, and public health. Therefore, we emphasize the importance of understanding local rat movement patterns in order to devise and deploy efficient and effective rat mitigation initiatives in urban centers.

Keywords: dispersal, ecology, home range, immigration, movement, rat, rattus, urban


INTRODUCTION

The presence of urban Norway and black rats (Rattus norvegicus and Rattus rattus) is an important and growing issue in cities globally due to their associated health and economic impacts (Feng and Himsworth, 2014). For example, rats pose a risk to public health as they are the source of a variety of zoonotic pathogens (disease-causing microbes transmissible from rats to people, e.g., Leptospira interrogans) responsible for significant human morbidity and mortality (Himsworth et al., 2013b). Infestations can also serve as a chronic stressor, impacting both the mental and physical health of residents (German and Latkin, 2016; Lam et al., 2018). Rats also damage urban infrastructure (due to chewing and burrowing activities) and contaminate foodstuffs. Finally, infestations can result in substantial economic losses, both directly (i.e., costs associated with rat control), and indirectly (i.e., costs associated with mitigating and repairing rat-associated damage) (Pimentel et al., 2005; Almeida et al., 2013). Given rapid urbanization, these issues are likely to increase in future; 55% of the world's population resides in cities, with a projected increase to 68% by 2050. Much of this growth will occur in developing regions (United Nations, 2018) where rat-associated risks are higher due to issues of inadequate housing, infrastructure, and sanitation (Himsworth et al., 2013b). Further, a lack of effective tools to address rat infestations (Parsons et al., 2017) underscores the importance of re-thinking our current approaches to rat control.

To monitor, and mitigate the impact of rats, an understanding of their spatial ecology is paramount. For example, the extent to which animals move within and utilize the environment dictates both the epidemiology of the pathogens they carry (Volkova et al., 2010; Guivier et al., 2011; Quixabeira-Santos et al., 2011) as well as the scale at which pest control efforts will have the greatest success (Bomford and O'Brien, 1995; Robertson and Gemmell, 2004; Adams et al., 2014). One of the most significant remaining knowledge gaps relevant to describing the spatial ecology of urban rats is information regarding the extent of their home range (Desvars-Larrive et al., 2018). The home range represents the area frequented by an individual (Davis et al., 1948) and typically encompasses areas used for food acquisition, mating, and rearing young (Burt, 1943). However, as individuals differentially use areas of their home range according to factors such as age, sex, population density, season, and environmental variability (Wolff, 1985; Cederlund and Sand, 1994; Wiktander et al., 2001; Dahle and Swenson, 2003; Kjellander et al., 2004; Börger et al., 2006; Safi et al., 2007), or may even migrate to new home ranges (Burt, 1943), information on home range size alone may underestimate the true area traversed by rats.

Beyond home range size, spatial ecology requires an understanding of the detailed movements of rats within cities. This includes information on dispersal distances (i.e., movement away from the natal or home area) (Drickamer, 1987), and how features of, or changes to, the urban environment impact movement. For example, a meta-analysis found that terrestrial mammals residing in cities traveled shorter distances than did their non-urban counterparts (Tucker et al., 2018). This reduced structural connectivity may result from the varied quality and size of habitat patches in cities (Dickman and Doncaster, 1987), as well as the physical barriers posed by roadways (Rondinini and Doncaster, 2002). However, as rats can occupy habitats with a diverse set of characteristics (Himsworth et al., 2014a) they may exhibit greater structural connectivity than other urban wildlife.

The objective of this review is to summarize, compare, and evaluate the published literature detailing the movement patterns of urban Norway and black rats. We describe the tools that have been used for studying urban rat movement as well as the challenges of employing these techniques. Finally, we describe how information regarding the spatial ecology of rats may be of relevance to different stakeholders and identify remaining gaps in knowledge to be addressed in future ecological research.



METHODS


Search Strategy

From May 2018–July 2018 we performed systematic searches following the approach outlined by Moher et al. (2009). Our search included the databases: Web of Science CORE, CAB Direct, JSTOR, Medline, and Zoological Record. We used keyword combinations pertaining to the following concepts: Rats (Rattus norvegicus,” “Norway rat*,” “brown rat*,” “Rattus rattus,” “black rat*,” “roof rat*”), movement (dispersal, emigration, expansion, immigration, migration, movement, boundaries, distribution, domain, “home range*,” “home area*,” “site fidelity,” territory, zone) and the urban environment (urban, city, cities, municipal, suburban, residential, metropolis, metropolitan). The groups of keywords within each concept were combined using the Boolean operator “OR” and concepts were combined using “AND” (see Supplementary Table 1). We included literature from the earliest cut-off date for each database.



Study Selection

Titles and abstracts were screened for eligibility using the abstract screener function in metagear (Lajeunesse, 2016). This package presents paper titles and abstracts in a graphical user interface for reviewer coding for inclusion or exclusion. Thirty percent of papers were screened by two authors (KAB and MJL) to ensure screening consistency. Articles deemed eligible in the first round of screening were reviewed in full by both KAB and MJL. Papers were excluded if they focused on rural rat populations, global rat migration patterns, or did not measure aspects of rat movement (either directly or indirectly). Literature in languages other than English were excluded. Additional sources were added through citation searching.



Data Collection and Analysis

Included papers were grouped by trapping methodology (i.e., continuous tracking, capture-mark-recapture, genetic techniques, and proxy methods). The content of each paper was summarized using a matrix method (Garrard, 2013) in which a number of categories relevant to describing the study characteristics (i.e., study location, study scale, species studied, sample size, methods used) and rat movement (i.e., home range, dispersal, areas and extent of movement, factors impacting movement, other relevant findings) were determined a priori. Each paper was reviewed and summarized according to these categories, and we compared information within each category across studies. Findings were synthesized using a narrative synthesis methodology which involves summarizing the findings of multiple works in text format (Arai et al., 2007). The following synthesis pertains to Norway and black rat movement patterns in urban ecosystems and is reviewed within six themes derived during the synthesis: study design, home range, site fidelity, dispersal, movement patterns, barriers to movement, and factors impacting movement.




RESULTS


Study Selection and Characteristics

Our initial search resulted in 1665 sources, 105 of which were reviewed in full (Figure 1). Of the final group of 39 papers, two were extensions of other included studies that contained additional relevant information. Therefore, we reviewed 37 unique studies examining the movements of Norway rats (n = 30), black rats (n = 6), or both (n = 1).


[image: image]

FIGURE 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flow chart depicting the screening process of articles included in the narrative synthesis.



Although published research on rat movement occurs as early as 1915, nearly half (48.6%; n = 18) of included studies were published in the past decade (Figure 2), and approximately half (51.4%; n = 19) were conducted in North America (Supplementary Table 2). See Supplementary Table 3 for details of the included studies.
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FIGURE 2. The number of unique published studies (n = 37) included in the review by decade of publication. Within each decade, the number of studies employing direct (Capture-Mark-Recapture (CMR) and continuous tracking), and indirect methods (proxy measures and genetics-based tools) to assess rat movement are indicated.





Study Design

In general, all studies sought to describe urban rat ecology, but most (56.8%; n = 21) explicitly mentioned using this information to inform pest control. Both direct and indirect methods were employed in the study of rat movement (Figure 2). Direct measures included Capture-Mark-Recapture (CMR; n = 12) and continuous tracking (e.g., direct observation, radio-tracking, and Global Positioning Systems (GPS); n = 7). Indirectly, movement was assessed through proxy measures of rat movement (e.g., track pads, rat tracks in snowfall, bait uptake, and feces marked with bait-specific dye; n = 11) and population genetics-based techniques (n = 11). In some instances (n = 3), multiple methods were employed. See Box 1 for an overview of these tools.


BOX 1. An overview of methods commonly used for studying urban rat movement, their benefits, and limitations.

Direct Measures: To quantify the movements of urban rats, many studies rely on trapping-based techniques. Capture-Mark-Recapture (CMR) methods involve trapping and tagging individuals (e.g., with numbered ear tags or Passive Integrated Transponder (PIT) tags) for future identification. Following tagging, animals are released at their original point of capture and are later re-caught. Movement is determined by measuring the distances between the traps in which rats are caught, or in the case of PIT tags, by the distances between sensor stations through which rats pass (Parsons et al., 2015). In this way, PIT tags are advantageous as they decrease handling-time of rats. Although these tools allow researchers to track large numbers of rats (e.g., 341 in Petrie and Todd (1923), they are labor-intensive, rely heavily on trap placement, and yield fragmented data as they do not account for movement between capture points (Hayne, 1949; Glass et al., 2016). Moreover, these techniques are hindered by the neophobic nature of rats, which can result in low recapture rates and trapping bias (Barnett, 1963; Tanaka, 1963; Taylor, 1978).

To derive more complete descriptions of movement patterns, researchers have directly observed the behaviors of individual rats (Calhoun, 1963; Takahashi and Lore, 1980; Glass et al., 1989); but, this strategy is limited by the number of individuals which can be tracked at one time and is difficult when animals are not readily visible (Takahashi and Lore, 1980). Two tools that combine trapping and observation are Very-High-Frequency (VHF) radio-telemetry and Global Positioning System (GPS) technologies which require affixing rats with tags that transmit movement data in real-time (VHF), or store location data in the tag for either future retrieval or remote download by the observer (GPS). Both VHF radio-telemetry and GPS-based tools allow for improved spatial resolution of rat movements, but until recently they have been hampered by tag size which is limited to 5% of the animal's weight to minimize negative tag-associated effects (Animal Care Use Committee, 1998). While sample sizes for both methods tend to be smaller than for CMR (Tomkiewicz et al., 2010), GPS-based tools offer advantages over VHF radio-telemetry which requires close-range observation of the animal, potentially influencing natural behaviors (Cooke et al., 2004; Parsons et al., 2014). Further, radio-telemetry is challenging in cities where buildings and other structures can interfere with radio signals (LaPoint et al., 2015). Yet, while GPS-based tools may be more beneficial for these reasons, they remain difficult to deploy on urban rats due to issues of tag removal and tag-satellite line-of-sight obstruction (Byers et al., 2017). Moreover, the costs of GPS tags over radio-telemetry may make this method prohibitive (Cagnacci et al., 2010).

Indirect Measures: Rat movements can also be inferred using indirect measures. Visibly observing the tracks made by rats (e.g., in snow) allows for estimates of space use (Davis et al., 1948), but is naturally limited by the availability of snow. When the environment is not suitable for observing tracks, researchers can deploy track plates which become marked with characteristic “rat signs” when rats travel across them (Hacker et al., 2016). Rat movement may also be determined through bait consumption. This method is common among studies assessing re-infestation of areas where rat eradication efforts were previously enacted (Barnett et al., 1951; Barnett and Bathard, 1953; Greaves et al., 1968; Andrews and Belknap, 1983; Colvin et al., 1998). Bait that is dyed with a compound that colors rats' feces can also be used to calculate the extent of space use around dyed-bait stations (Davis et al., 1948). While these methods are less time consuming to enact than the direct measures previously mentioned, they provide only minimal information on rat activity.

Recently, there has been an increase in the use of population genetics-based methods to infer rat movement (see Figure 2). These tools analyze differences among individuals at specific locations of the genome caused by genetic mutations. These mutations can result in single nucleotide polymorphisms (i.e., SNPs) (Richardson et al., 2017; Combs et al., 2018a,b) or rearrangements resulting in different numbers of small repeating sequences (e.g., microsatellites) (Gardner-Santana et al., 2009; Kajdacsi et al., 2013). Using these tools, researchers can infer historical movements by identifying the distances between relatives (e.g., parents and offspring; Costa et al., 2016; Glass et al., 2016), and identifying potential migrants (e.g., individuals genetically assigned to a population other than the one in which they were caught; Kajdacsi et al., 2013; Berthier et al., 2016; Desvars-Larrive et al., 2017). These methods have the benefit of supporting large sample sizes (e.g., 1220 in Combs et al., 2018a), but they are limited to detecting first-generation migrants and movements during which rats mate and are reproductively successful, underestimating true levels of connectivity among populations (Richardson et al., 2017).





Home Range

For both Norway and black rats (hereafter termed “rats” when referencing both species), the home range size and shape is determined by access to feeding and harborage sites (Davis et al., 1948; Recht, 1982; Low et al., 2013) as well as access to mates (Low et al., 2013; Glass et al., 2016). These associations lead to irregularly shaped home ranges with individuals often moving along narrow pathways connecting harborage and food sources (Davis et al., 1948; Recht, 1982; Recht et al., 1983). The presence of conspecifics may also influence home range size, as some individuals have been found to avoid the home ranges of other rats (Low et al., 2013; Oyedele et al., 2015). Beyond the value of regular access to resources, an intimate familiarity with the features of the home range may serve as a protective measure for rats. For example, individuals within their home range have been recorded entering areas of cover (e.g., a rat hole) more rapidly than those in areas outside of their home range (Davis et al., 1948). This is further evidenced by rats' neophobic behaviors toward new and/or introduced features such as traps (Barnett, 1963).

Rats are familiar with the extent of their home range (Recht, 1982; Recht et al., 1983), but usage is concentrated within a fraction of this area (Low et al., 2013; Oyedele et al., 2015). Termed the “core home range,” this region represents the space where an animal spends 50% of its time (Downs and Horner, 2008). The two studies which calculated core home range size for urban rats estimated its size as 11% of the total home range for Norway rats (Oyedele et al., 2015), and approximately 31% of the space used for black rats (Low et al., 2013). Studies in both species have found that the core home range encompasses important food sources, the home burrow, and areas of dense vegetation (Davis et al., 1948; Recht, 1982; Recht et al., 1983). However, rats will travel throughout the home range to occupy alternate burrows, particularly when their home burrow is disrupted (Recht, 1982; Recht et al., 1983). In fact, rats have been found to switch the location and extent of their home range altogether (Davis et al., 1948; Low et al., 2013), signifying that the size, shape, usage, and location of the home range are flexible for individual rats and dependent on physical and environmental characteristics.

Home range size has also been found to vary by sex, with evidence that male Norway rats occupy larger home ranges than do females (Tanaka and Kawashima, 1951; Oyedele et al., 2015). This may be due to differences in reproductive behavior, whereby males increase their ranges to actively search for mates (Dowding and Murphy, 1994). For example, in Norway rats, the area of the total and the core home range of males was approximately 13X and 5X larger than that of females, respectively (Oyedele et al., 2015). In black rats, the total and core home range area for males was 4X and 3.5X greater than for females, respectively (Low et al., 2013). Indeed, home ranges of male black rats have been shown to overlap with those of other males and females, whereas females had home ranges that were exclusive of each other (Low et al., 2013), further supporting the role of mate-searching in determining the extent of the home range.

Studies also indicate that home range size and shape vary by location (Davis et al., 1948; Recht, 1982; Recht et al., 1983; Oyedele et al., 2015). For example, the home range for Norway rats in Baltimore, Maryland was 30–45 m in diameter (Davis et al., 1948), and in George Town, Malaysia the average home range size was 130 m2 (Oyedele et al., 2015). Similarly, for black rats, home range size did not exceed 30.5 m in diameter in the City of Orange, California (Recht et al., 1983) while on Christmas Island it was 5330 m2 (Low et al., 2013). As home ranges of urban rats are irregularly shaped (Davis et al., 1948; Recht, 1982; Recht et al., 1983), and because home range estimates will vary depending on the methodology used (see Box 1) it is impossible to directly compare these measurements. However, studies in both Norway and black rats have suggested that differences in home range size between study sites may be due to differences in resource availability (Low et al., 2013; Oyedele et al., 2015).



Site Fidelity

Distances traveled by rats are dependent on the presence of harborage and food in the environment (Creel, 1915; Petrie and Todd, 1923; Davis et al., 1948; Heiberg et al., 2012). When these are readily available, rats display a strong site fidelity, rarely leaving their home area. For example, CMR studies in Norway rats have found that 27–63% of rats in residential areas were recaught in the same location as their prior capture (King, 1950; Tanaka and Kawashima, 1951; Glass et al., 1989) although this was less common (e.g., 8% of rats) in urban parklands (Glass et al., 1989). Genetic results support these findings. For example, by DNA fingerprinting methods 95% (Gardner-Santana et al., 2009) and 97% (Glass et al., 2016) of rats were genetically assigned to the area of their capture (i.e., based on genetic similarity to other rats in the vicinity of their capture, they were more likely to have been born in the area in which they were caught than in another sampled site). Strong site fidelity was also revealed by Costa et al. (2016), who genotyped male rats as well as pregnant females and their offspring, and found that males with a high probability of siring offspring (>99%) were within 70 ± 58 m of the pregnant female. Similarly, Richardson et al. (2017) demonstrated that rat movement occurred mostly within the area (i.e., valley) from which rats were sampled. Estimates for site fidelity in urban black rats have not been documented.

Daily movements by rats are typically over short distances. For Norway rats, various CMR studies have documented typical movements ranging from 10 to 20 m (Davis et al., 1948; Tanaka and Kawashima, 1951; Glass et al., 1989; Parsons et al., 2015). In urban parklands, Norway rats have been recorded moving greater average distances of 25 m (Glass et al., 1989). In comparison to CMR, genetic analyses have demonstrated that Norway rats move further still (e.g., 30–150 m), approximately corresponding to the length of a city block (Gardner-Santana et al., 2009; Combs et al., 2018b). Interestingly, limited movement was supported by an analysis of the ectoparasite communities of urban Norway rats. In this study, Angley et al. (2018) found that rats located near each other geographically had more similar assemblages of ectoparasites than did rats located further apart. Because rat ectoparasites are transmitted among individuals via close contact, this implied that rats near each other came into contact with each other more frequently than those further apart.

In urban sewer systems, rats have been found to travel further distances day-to-day than their above ground counterparts. For example, in London, England sewer rates moved up to 77 m (Bentley et al., 1958) while in Copenhagen, Denmark, rats traveled up to 200 m in a day (Heiberg et al., 2012), over 10X the distance recorded for surface populations. In this way, sewers may be more easily traversable, serving as conduits to movement. Interestingly, while daily distances traveled by rats are thought to be greater for males than females (Davis et al., 1948), this does not appear to be the case for sewer populations (Heiberg et al., 2012), suggesting that the environment is a strong determinant of distances traveled.



Dispersal

Dispersal of rats away from their natal site is generally over short distances. For example, mean dispersal distances between parents and offspring have been recorded as 45 m for Norway rats (Combs et al., 2018b) and 496 m for black rats (Mangombi et al., 2016) while distances between putative parents (dams and sires of offspring) ranged from 0 to 353 m for Norway rats (Costa et al., 2016; Glass et al., 2016). Genetic patterns of isolation by distance (whereby individuals are more closely related to rats in neighboring areas than they are to individuals further away) corroborate these trends (Gardner-Santana et al., 2009; Mangombi et al., 2016; Combs et al., 2018a,b). For example, in a multi-city comparison of Norway rat population genetic structures, rats were generally highly related to each other at distances within 500 m (Combs et al., 2018a). However, evidence for isolation by distance has not been found by all studies (Kajdacsi et al., 2013; Berthier et al., 2016).

Less often, dispersal can occur over long distances. For example, dispersal distances have been recorded up to 11.5 km for Norway rats (Gardner-Santana et al., 2009). Although such extended movements are infrequent [e.g., 19 of 230 black rats (8.2%) were classified as migrants in Sahel Niger (Berthier et al., 2016)], evidence of gene flow among Norway rat colonies from 1.5 to 3 km apart suggests that connectivity among populations is maintained by immigration amongst colonies (Gardner-Santana et al., 2009; Combs et al., 2018a). This dispersal may be non-random, whereby individuals move among similar habitat types (e.g., residential areas vs. mixed-used; Angley et al., 2018) and may also be facilitated anthropogenically, such as by commercial transport along road networks (Berthier et al., 2016).

For rats, dispersal has been primarily associated with resource availability and competition, dominance hierarchies, and mating behavior (Calhoun, 1963; Glass et al., 1989). Specifically, when feeding and harborage sites are scare, rats may travel significant distances in search of resources. For example, when in an unfamiliar resource-poor area, Norway rats have been recorded traversing twice the distance as individuals in unfamiliar resource-rich locations (6 vs. 3 km; Creel, 1915). Mate-searching is also an important driver of dispersal, with rats (particularly males) extending their movements in search of mates (Davis et al., 1948; King, 1950; Glass et al., 2016). Sex-biased dispersal has been documented in Norway rats where the majority of migrants are often reproductively mature males (Gardner-Santana et al., 2009; Kajdacsi et al., 2013; Desvars-Larrive et al., 2017). Sex-biased dispersal has been further evidenced by close proximity among related females caught at a fine spatial scale, suggesting that females moved shorter distances than males in the same population (Desvars-Larrive et al., 2017). While these patterns have not been observed in all studies (Gardner-Santana et al., 2009; Combs et al., 2018b) they align with foundational experimental research on Norway rats that found that mature male rats dispersed greater distances than adult females and juveniles (Calhoun, 1963).

In cases where rats immigrate into stable populations, invading rats may be unable to successfully establish home ranges, necessitating extended movements of evicted rats. For instance, the introduction of 112 foreign rats into a city block resulted in the invaders being more likely to emigrate from the site of release than were resident rats in the same area (Calhoun, 1948). Further, the immigration of large numbers of rats into a population may temporarily decrease the reproductive rate of the resident population (Davis and Christian, 1956). Therefore, although dispersal can maintain connectivity among populations, not all immigration events are successful, and can, in some cases, disrupt the regular population dynamics of the resident population.



Movement Patterns

Rats are generally found to be nocturnal (Recht, 1982; Recht et al., 1983) with heightened activity 2–3 h before sunrise and after sunset (Takahashi and Lore, 1980; Recht et al., 1983). However, rats may also be active during the day (Recht, 1982). Indeed, Parsons et al. (2015) found that rats were active between 06:00 and 19:00 with declining activity in the late morning/early afternoon. These activity patterns have also been shown to differ between the sexes, with males generally active longer than females (Parsons et al., 2015), leaving their burrow 1–2 h before females living in the same area (Oyedele et al., 2015). However, as rat activity varies by location, and across differing study methodologies, it is unclear how aspects of the environment and study design contribute to these differences in activity patterns.

During times of activity, rats generally traverse the same pathways (Recht, 1982; Recht et al., 1983; Oyedele et al., 2015). However, they may use alternate routes to adapt to environmental change. For instance, Recht (1982) recorded Norway rats using alternate pathways both to obtain food left over from picnickers and to avoid people. Norway rats typically move along the ground through narrow runways (Davis et al., 1948), near to fences and other cover (Glass et al., 1989), while black rats utilize aerial features such as greenery, pipes, and wires (Worth, 1950). Both species have been found to travel between adjacent buildings (Petrie et al., 1924; King, 1950; Tanaka and Kawashima, 1951; Recht, 1982; Recht et al., 1983; Hacker et al., 2016). Indeed, Tanaka and Kawashima (1951) observed rats moving among three to four houses in a city block over the course of a single week. Additionally, rats may travel between surface and sewer locations (Colvin et al., 1998; Heiberg et al., 2012), but not in all cases (Gras et al., 2012). In contrast, rats do not appear to travel between adjacent, but separate, sewer systems (Heiberg et al., 2012).



Barriers to Movement

Landscape features such as roads, waterways, and “resource-deserts” (areas with very limited resources) may impede the movement of rats throughout cities (Combs et al., 2018a). In general, roadways are reported as the most common barrier to rat movement (Petrie et al., 1924; Davis et al., 1948; King, 1950; Worth, 1950; Traweger and Slotta-Bachmayr, 2005; Richardson et al., 2017). This is supported by findings that Norway rat home ranges rarely overlap with roads (Davis et al., 1948), and by few cases of rats moving among city blocks (Petrie and Todd, 1923; Calhoun, 1948; Davis et al., 1948; Emlen et al., 1949; Worth, 1950). For example, of 146 black rats trapped in Egypt, only one moved between city blocks (Petrie and Todd, 1923). Likewise, in a study which followed Norway rat tracks in fresh snowfall, Davis et al. (1948) estimated the rate of road crossings to vary from one crossing every 66 days to one crossing a day, with the frequency of crossing reliant on resource availability.

The permeability of roadways is dependent on their width. While larger roadways have deterred movement more than smaller roadways (Petrie and Todd, 1923), even the width of an alley may impede rats. For example, Davis et al. (1948) found that almost all dyed feces were located on the same side of the alley as bait stations. Although rats may avoid crossing alleys, they traverse them more frequently than roadways. An observation of rat movement found that rats crossed alleys 80X more often than they crossed roads (Glass et al., 1989). Given that rats may also move greater average distances in underground infrastructure such as sewers (Heiberg et al., 2012), barriers posed by roads may be overcome by alternate means of crossing heavily trafficked spaces.

While CMR studies suggest that movement among city blocks are infrequent, genetic analyses demonstrating gene flow reveal that movement is more frequent (Gardner-Santana et al., 2009; Glass et al., 2016; Mangombi et al., 2016; Combs et al., 2018b). For example, by analyzing the genetics of pregnant females and their offspring, Glass et al. (2016) demonstrated that females mated most often with males trapped in alleys other than their own. The authors suggested that this pattern likely occurred through “mate chases” in which groups of males left their home site to mate with females in neighboring blocks (support for multiple paternity of litters is further supported by Costa et al., 2016). In combination, these results indicate that roads are permeable to rat movement and that movement among blocks may be driven by mate searching (Glass et al., 2016) or resource availability (Davis et al., 1948).



Factors Impacting Movement

Because rat movement patterns are dictated by features of the urban environment, changes in weather and anthropogenic habitat modification alter normal rat movement patterns. For example, Recht (1982) observed that Norway rats cease movement in rain, while black rats continue to forage (Recht et al., 1983). Habitat modification can alter rat movement due to either the removal of areas of harborage and/or by blocking typical movement routes. For example, Recht (1982) found that habitat modification (e.g., trimming of vegetation, and removal of debris) resulted in increased Norway rat activity and exploration, larger home ranges, and movement into previously unvisited areas, while construction caused black rats to move to alternate burrows (Recht et al., 1983).

Control methods (e.g., trapping and poisoning) can also promote rat movement, as individuals migrate to occupy and recolonize previously targeted sites. For example, Kajdacsi et al. (2013) demonstrated that following control efforts, there was both population replacement (i.e., local rat reproduction by surviving rats) and recolonization due to the migration of individuals from surrounding areas. Rat migration may also play a role in the re-infestation of urban sewers systems. For example, following rodent reductions of up to 88% (as indicated by bait uptake), rat populations increased from 3 to 20% per week (Barnett and Bathard, 1953; Bentley et al., 1959; Greaves et al., 1968). This increase was attributed in part to rat immigration from within the same sewer system (Greaves et al., 1968) and from an influx of surface populations (Barnett and Bathard, 1953). Such population rebounds can be rapid, occurring in as little as 4 weeks post-eradication efforts (Hacker et al., 2016).




DISCUSSION

Overall this synthesis highlighted a number of important characteristics of urban rat movement. Specifically, rat movement is dependent on the distribution and availability of important resources such as food and harborage and is limited by the barriers posed by features including roads and waterways. While roads may relegate individuals to home ranges corresponding to the limits of a city block, recent studies suggest that rats cross city streets more often than previously estimated. Further, normal movement patterns may be altered due to environmental change, prompting rats to move greater distances still. These findings have several important implications for city planners, pest control professionals, and public health officials seeking to monitor and mitigate the economic and public health impacts posed by urban rats. However, despite increased scientific attention to describing urban rat ecology in the past decade, this review reveals that the specific details of their spatial ecology remain largely undescribed.


Implications for City Planners

This review illustrates that features of the urban environment influence the spatial ecology of rats. Because city planners determine and design many aspects of cities, they have the potential to create spaces less prone to rat infestation. For example, as features such as urban parkland may be more easily traversed by rats (Glass et al., 1989), approaches to reduce waste and improve infrastructure/building conditions in and around these areas may lower rats' ability to infest surrounding regions. However, while our review suggests that parkland and sewer systems may facilitate rat movement, the specific landscape features and socioeconomic attributes which determine the connectivity of rat populations within cities are still poorly understood (LaPoint et al., 2015). Indeed, the only multi-city comparison of urban rat population structure found that the local environment is a strong determinant of rat movement (Combs et al., 2018a). Therefore, it is becoming increasingly important to identify both common features among cities which influence rat movement as well as local features, which can be used by city planners to target and predict areas prone to rat infestation and re-infestation. Targeting these features is particularly important in under-served and marginalized communities where residents are at heightened risk of exposure to large numbers of rats and their associated health and economic impacts (Himsworth et al., 2013b; Costa et al., 2015b).

Urban centers are continuously expanding and undergoing dramatic habitat modification (Grimm et al., 2008). These issues are enhanced in rapidly urbanizing under-resourced settings (United Nations, 2018) where unplanned urban development and land use changes (e.g., Chitrakar et al., 2016; Pawe and Saikia, 2018) pose additional challenges. Our review suggests that habitat disturbance can instigate long distance movements by rats; this is particularly relevant to city planners as ubiquitous activities such as demolition and construction may both create an environment suitable for rat harborage (e.g., open soil and shelter from equipment) (Colvin and Jackson, 1999) as well as drive rats from disturbed sites to surrounding areas (Richter, 1968; Battersby et al., 2002). To pre-empt the potential for rat colonization and migration, city planners should consider employing Integrated Pest Management approaches to proactively decrease habitat suitability and migration risks. Integrated Pest Management is a multi-faceted approach which incorporates long-term planning goals, data management, as well as partnership among governments, private pest control companies and communities (Colvin and Jackson, 1999). Such an approach may include implementing policies that require the eradication of rats prior to the demolition of a building to minimize the efflux of rats and the degree of subsequent colonization. This requires coordination among developers and private pest control companies to identify areas for control, enact control efforts, and monitor the success of the control campaign. For regions where development is primarily undertaken by urban dwellers as opposed to municipalities (i.e., in urban slums), city planners might instead focus on educating communities about the importance of undertaking pest control before and during construction, as well as providing resources such as traps or deploying private pest control companies to areas with ongoing development. In tandem, actions to reduce food sources and harborage sites in adjacent city blocks or homes can also decrease their attractiveness to rats and their ability to support rat population growth. These initiatives also require community involvement and educational programs to inform residents about the ways to properly dispose of food waste and remove potential harborage sites (Colvin et al., 1998). Although Integrated Pest Management approaches require sustained and significant investment (i.e., in time and personnel), reactive approaches which fail to address the underlying features that promote rat abundance and facilitate rat movement are likely to remain ineffective.



Implications for Pest Control

It is necessary for control methods to account for rat movement patterns. Studies have demonstrated that control campaigns aimed at culling rats alone can be compromised by rapid population rebounds due to reproduction by surviving rats (Barnett and Bathard, 1953; Hacker et al., 2016), and/or immigration of individuals from surrounding areas (Kajdacsi et al., 2013). Given that rats readily cross roads for resources and mating (Davis et al., 1948; Glass et al., 2016), our review suggests that limiting the scale of control to a single property or city block is likely to be ineffective due to reinvasion of the targeted site. Instead, efforts should focus on effectively identifying and targeting areas at the scale of “eradication units.” These areas represent the spatial scale at which rats are interconnected, allowing for recolonization following a control intervention (Abdelkrim et al., 2007). For example, in Salvador, Brazil where the majority of Norway rat movement was found to occur within a valley, targeting rat populations at the level of the valley might be appropriate (Richardson et al., 2017). In contrast, a study evaluating the genetic signatures of black rat populations before and after an eradication campaign on four islets in the French Caribbean, found that control efforts would need to extend to surrounding islands to minimize the potential for re-invasion (Abdelkrim et al., 2007). Because the extent of movement varies by location (Combs et al., 2018a), deriving specific recommendations as to the scale of pest control efforts is difficult. Yet, to design effective control strategies, research that quantifies the contribution of landscape attributes to rat migration is necessary to help pest control professionals define the scale of control and prevention approaches. Further, to support the integration of scientific knowledge into actionable information for pest control professionals, it is necessary that projects evaluate how scaling control efforts to the level of local rat movement (i.e., eradication units) compares to traditional pest control efforts.

An understanding of rat movement is not only necessary for more effectively implementing current pest control practices, but it is also important in developing and deploying future pest control innovations. For example, gene drive technologies have received increasing attention for their potential pest control applications. Gene drive technologies involve genetically engineering individuals so that sets of genes are disseminated within populations through sexual reproduction. For pests, genes which lower the fertility and fecundity of individuals are of particular interest (Moro et al., 2018). Because the spread of these traits throughout a population is reliant on interactions among individuals, understanding local rat movement ecology will be necessary to inform the implementation of these technologies in these species.



Implications for Public Health

Our review supports the long-held position that much of rats' activities remain within the confines of a single city block. Because many of the pathogens carried by rats are transmitted through close contact among conspecifics (Childs et al., 1998; Himsworth et al., 2013b) this limited movement implies that most transmission events are also restricted to within-block populations. These findings support prior research by Himsworth et al. which demonstrated significant heterogeneity in pathogen prevalence across adjacent city blocks (Himsworth et al., 2013a, 2014b, 2015), such that some blocks had many infected rats and other blocks had very few. Similar findings have been demonstrated in Salvador, Brazil, where shedding of the pathogen L. interrogans by Norway rats varied significantly by location (Costa et al., 2015b). If limited movement allows for the clustering of pathogens, then the risk of encountering an infected rat may be site specific. In tandem with these results, our review suggests that activities that disrupt rat colonies could increase movement within and between blocks. Evidence suggests that when rats migrate to surrounding colonies, they fight (Calhoun, 1948), and as aggressive behaviors are the primary mode of transmission of some pathogens (e.g., Streptobacillus monilliformis, and Seoul hantavirus; Himsworth et al., 2013b, migration events could promote disease spread. Indeed, Lee et al. (2018) demonstrated that employing lethal control techniques may increase pathogen prevalence among remaining rats. This increase could be due, in part, to the effects of pest control on rat movement, and underscores the potential role of methods which reduce rat population size without prompting migration (e.g., rat birth control, gene drive technologies). Therefore, to monitor and mitigate the potential health risks posed by rats, public health officials require information on the distribution of rat-associated pathogens, the role of movement in the transmission of pathogens among urban rats, and how different approaches to pest control can minimize these risks.



Limitations

Although one of the aims of this review was to compare and contrast data across study locations, deriving quantitative estimates of urban rat movement patterns is difficult due to the limited number of studies evaluating urban rat movement, and an over-representation of research in developed countries (Supplementary Table 2). These limitations are compounded by differences between, and limitations of, the included studies. First, rat movement estimates have been derived using various methods which have a suite of limitations (see Box 1). These limitations highlight the challenges of studying the movements of not only rats (Parsons et al., 2017; Desvars-Larrive et al., 2018), but urban wildlife in general (LaPoint et al., 2015). Second, even among studies which employ similar techniques to measure movement (i.e., CMR), researchers have used a variety of models for calculating home range size (Low et al., 2013; Oyedele et al., 2015). In tandem, these differences limit the ability to make direct comparisons. Yet, these issues emphasize the importance of employing multiple tools to address methodological limitations (e.g., combining continuous, trapping-, and genetics-based methods) and utilizing either multiple or standardized calculation methods to estimate movement parameters to foster comparability amongst studies.




CONCLUSIONS

Overall, this review highlights a number of important features with regards to rat movement and underscores their significance for stakeholders addressing urban rat infestations. Despite the information synthesized in this review, a number of important questions remain (Table 1). To address these knowledge gaps, we suggest that future research prioritize collaborative, multi-jurisdictional research which incorporates multiple methods and standardized approaches to measure rat movement.



Table 1. Conclusions from a review of the published literature describing Norway and black rat (Rattus norvegicus and Rattus rattus) movement in urban centers.
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Leptospirosis is a zoonotic disease for which rats are the primary reservoir in urban environments. It is transmitted from rats to people via urine, and is responsible for significant human morbidity and mortality in under-resourced settings. To mitigate the risks posed to people, it is important to understand the ecology of the causative agent Leptospira interrogans. The overarching objective of this study was to compare L. interrogans carriage in urban Norway rats in two ecologically distinct urban environments. We trapped Norway rats (Rattus norvegicus) in Vancouver, Canada (N = 525) and Salvador, Brazil (N = 433) to evaluate whether rat characteristics (i.e., sex, weight, sexual maturity, pregnancy, and the presence of wounds) and location of capture were associated with L. interrogans status. Using generalized linear mixed models to control for clustering by trapping location, we found a greater prevalence of L. interrogans in Salvador (79%) than in Vancouver (12%), and greater spatial heterogeneity in pathogen prevalence in Vancouver than in Salvador. In both locations, we found that older rats and rats with more bite wounds had greater odds of L. interrogans carriage, although wounding influenced pathogen status more for younger animals. Additionally, we found that juvenile rats in Salvador were more likely to leave the nest infected with L. interrogans than were rats in Vancouver, suggesting that potential differences in early-life transmission dynamics exist between the two locations. Together, these results elucidate both general L. interrogans ecology, as well as the importance of geographical location in determining transmission among rats.

Keywords: age-prevalence, bite wound, intraspecific transmission leptospira, leptospirosis, Norway rat (Rattus norvegicus), urban ecology


INTRODUCTION

Leptospirosis is a zoonotic disease with a global distribution that is responsible for significant human morbidity and mortality (Himsworth et al., 2013b; Costa et al., 2015a). Residents of resource-poor countries are particularly affected (Costa et al., 2015a). It is caused by the spirochete bacterium Leptospira interrogans, and symptoms can range from undifferentiated febrile illness to fatal liver failure or pulmonary hemorrhage. Rats, particularly Norway rats (Rattus norvegicus), are the primary reservoir for L. interrogans in urban centers (Costa et al., 2014b). The bacterium is carried asymptomatically in the rat kidneys and shed in the urine (Costa et al., 2015b). It is transmitted from rats to humans primarily via direct or indirect contact with rat urine in the urban environment (Evangelista and Coburn, 2010). The incidence and distribution of urban leptospirosis are increasing in association with global urbanization (Hartskeerl et al., 2011), making it an important and growing public health concern.

An understanding of the ecology of L. interrogans in urban rats is critical for monitoring and mitigating human health risks. Past work has shown that carriage of L. interrogans by rats is associated with a variety of factors, including age, sex, sexual maturity, weight, internal fat volume, the presence and severity of bite wounds, and location of capture (Thiermann, 1977; Easterbrook et al., 2007; Krøjgaard et al., 2009; Himsworth et al., 2013a; Costa et al., 2014a, 2015b; Minter et al., 2017; Lee et al., 2018). However, results have varied across studies. For example, Minter et al. (2017) documented evidence of juvenile rats leaving the nest with infection, which could reflect vertical transmission of L. interrogans from mothers to pups (De Oliveira et al., 2016), while others have suggested that transmission occurs almost exclusively among adults (Himsworth et al., 2013a). Additionally, the overall prevalence of L. interrogans carriage has varied markedly among studies (Aviat et al., 2009; Koizumi et al., 2009; Scialfa et al., 2010; Maas et al., 2018). Unfortunately, it is difficult to determine if past findings reflect true variations in the ecology of L. interrogans in different cities, or if it is simply a result of differing study methodologies or areas of focus. For the same reason, the driving forces behind results shared among studies are hard to elucidate. For example, regardless of the city, variation in L. interrogans prevalence by trapping site has been consistently observed (Krøjgaard et al., 2009; Himsworth et al., 2013a; Costa et al., 2015b; Lee et al., 2018); however, differences in both sampling approach and statistical analyses among studies have made it difficult to determine the relative impact of geographical location on the constellation of factors affecting L. interrogans ecology.

Indeed, there has yet to be a study directly comparing L. interrogans carriage between two significantly different urban environments. These sorts of comparisons are essential for determining which elements of L. interrogans ecology are unique to a location, and which can be extrapolated among urban environments, as well as for clarifying the overall ecology of the pathogen. The aim of this study was to compare and contrast the characteristics of L. interrogans carriage in urban Norway rats in Salvador, Brazil, and Vancouver, Canada. This was accomplished through collation and re-analysis of data collected by two methodologically aligned studies (Himsworth et al., 2013a; Minter et al., 2017).



METHODS


Ethics Statement

This study was approved by the University of British Columbia's Animal Care Committee (A11-0087) and adhered to national guidelines set out by the Canadian Council on Animal Care. Protocols of this study were also approved by the Institutional Animal Care and Use Committee (IACUC) from Brazil and United States. At Oswaldo Cruz Foundation, Salvador, Brazil, the Comissão de Ética no Uso de Animais (CEUA) do CPqGM-FIOCRUZ-BA approved the protocol number 003/2012.



Study Sites

In Vancouver, the study area was comprised of 43 contiguous city blocks encompassing the core of Vancouver's Downtown Eastside (DTES) (N49°17′ / W123°6′). Also included was an area within the port terminal, which is a center for international shipping that forms the northern border of the DTES (see Figure 1). The DTES is an inner-city area of low socioeconomic status known as “Canada's poorest postal code”. While the built environment is highly developed, with densely populated city blocks (e.g., including residential, commercial, and industrial parcels) surrounded by roadways, buildings are antiquated and often in disrepair. Additionally, there is considerable refuse accumulated in the alleyways, which are also heavily used by residents for injecting drugs, sleeping, loitering, etc (Smith, 2000). Vancouver has a moderate oceanic climate with an average annual temperature of 11°C and average annual precipitation of 1,588 mm.
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FIGURE 1. Trapping locations in the 43 city blocks of Vancouver, Canada (A) and three valleys of Salvador, Brazil (B). Images provided through Google Earth Professional (https://www.google.com/earth/download/gep/agree.html). Examples of areas where rats were caught in each location are indicated in (C) (Vancouver), (D,E) (Salvador).



In Salvador, the study area included three valleys within Pau da Lima (S13°32′ / W38°43′), an urban slum. This urban area is characterized by a lack of basic sanitation, open and free flowing sewers as well as poor housing conditions (Felzemburgh et al., 2014) (Figure 1). Salvador has a subtropical climate with an average annual temperature of 25°C and average annual precipitation of 1,781 mm.



Trapping

In Vancouver, each block (and the port site) was randomly assigned to a 3-week study period over the course of 1 year (September 2011–August 2012). Within each block, ~20 Tomahawk Rigid Traps for rats (Tomohawk Live Trap, Hazlelhurst, USA), which trap rats alive, were set out along each side of the back alley that bisected the block. At the port, traps were placed in areas where port staff had observed rats. Traps were pre-baited (filled with bait but fixed open) for 1 week, followed by 2 weeks of active trapping. Baits used included a combination of peanut butter, bacon fat, and oats. Traps were set in the evening and trapped rats were collected the following morning.

In Salvador, 150 sampling points were randomly selected and a 30 m2 buffer zone was placed around each sampling point. Three trapping sites were selected within each sampling point based on signs of rat presence, and two Tomahawk traps were placed at each sampling point. Trapping occurred during four periods of time (May–August 2013, October–December 2013, March–August 2014, September–December 2014). Traps were pre-baited for 2 to 3 days, followed by 4 to 6 consecutive days of active trapping. Traps were baited with sausage. Traps were set at sundown and trapped rats were collected at sunrise the following day.



Data Collection

In Vancouver, trapped rats were anesthetized by isoflurane inhalation prior to pentobarbital euthanasia via intracardiac injection. Rats underwent a complete necropsy during which kidney samples were collected and stored at −80°C. In Salvador, rats were anesthetized by isoflurane inhalation prior to thiopental euthanasia via intraperitoneal injection. Urine was obtained directly from the bladder using a 1 mL syringe and stored at −80°C.

For both cities, the following demographic and morphometric data were collected: species (based on external morphology), sex, weight, sexual maturity (scrotal testes for males and perforate vagina for females), pregnancy, and the presence of bite wounds. The date and location of each rat trapped was also recorded.

The Maxwell 16 System DNA Purification Kit (Promega Corp., USA) and the QiaAMP DNA Mini Kit (Qiagen Inc., Canada), was used to extract DNA from the urine and kidney samples, respectively. DNA extracts were then analyzed using a real-time PCR assay which targets a 242 bp fragment of the lipL32 gene of pathogenic Leptospira species (Stoddard et al., 2009). It should be noted that a near perfect correlation between leptospiral loads in the urine and kidneys of wild, urban Norway rats has been identified, suggesting that urine and kidney samples can likely be used interchangeably for the study of L. interrogans in this species (Costa et al., 2015b).



Statistical Analysis

Previous studies have indicated that age has a strong, positive association with L. interrogans carriage in urban rats (Krøjgaard et al., 2009; Himsworth et al., 2013a; Costa et al., 2015b; Minter et al., 2017). However, the majority of these studies used weight as a proxy for age, which is problematic since weight and age are not linearly associated with each other (Calhoun, 1963). In order to overcome this issue, the von Bertalanffy equation (weight = a[1 – exp{–r(age – c)}], where “a” is the asymptote, “r” is the constant growth rate and “c” is the age at which maximum growth occurs) has been used to more accurately model rodent age curves, including those of urban rats (Burthe et al., 2010; Minter et al., 2017). For this study rats were aged using the von Bertalanffy equation using parameters from Calhoun (1963) as in Minter et al. (2017). In pregnant females, weight was adjusted by the average weight difference between pregnant and non-pregnant, sexually mature females prior to applying the age calculation (Minter et al., 2017).

Explanatory variables included age (in days), sexual maturity (yes/no), sex (male/female), and bite wounds (absent/present) as these variables were previously identified as risk factors for L. interrogans carriage in Vancouver and/or Salvador (Himsworth et al., 2013a; Minter et al., 2017). Chi-squared test or Welch's t-test were used to compare the distribution of the variables between Vancouver and Salvador. Linear regression was used to identify the relationship between age and wounding. Neither weight nor body length (another proxy for age in rats) were included, as these variables were strongly collinear with age, which was the main variable under consideration.

Multivariate generalized linear mixed models (GLMMs) were used to compare the relationships among L. interrogans carriage (positive/negative on PCR) and the aforementioned explanatory variables in Vancouver and Salvador controlling for clustering by trapping location (city block in Vancouver and sampling point in Salvador). These included full models, which contained all explanatory variables (as well as an interaction term between age and wounding), and “final” models obtained through backward selection. For final model selection, non-significant explanatory variables were removed from the full model until all variables were statistically significant at a 5% level. All statistics were conducted in R (R Core Team, 2018) using the lme4 package for GLMMs (Bates et al., 2015).

The full GLMM was used to investigate the risk of rats leaving the nest with infection. Specifically, the probability of infection was calculated for the youngest animals in each cohort (27 days for Salvador and 26 days for Vancouver) that had no wounds and were sexually immature.




RESULTS

The final sample included 525 and 433 Norway rats in Vancouver and Salvador, respectively. In both cities there was approximately an equal sex ratio (see Table 1). However, the Salvador rats were significantly older (based on the von Bertalanffy estimate for age) and more likely to be sexually mature and wounded compared to the Vancouver rats. In both Vancouver and Salvador, there was a significant positive relationship between wounding and both age and sexual maturity (p < 0.001).



Table 1. Baseline characteristics and associations with Leptospira interrogans PCR status among Norway rats.
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The prevalence of L. interrogans carriage was higher in Salvador vs. Vancouver (79% vs. 12%). This difference was consistent even after stratifying by age (Figure 2). In both the Vancouver and Salvador full models, the odds of L. interrogans carriage increased with age and the presence of bite wounds (see Table 2) and there was a significant negative interaction between age and bite wounds (indicating that the relative effect of bite wounds was less for older vs. younger rats). The “final” model for both Vancouver and Salvador also included the aforementioned variables. Sex was not significantly related to L. interrogans carriage in either city. However, sexual maturity was significant in both the full and final models for Salvador but not for Vancouver. Conversely, the random effect of trapping location on the odd of L. interrogans carriage was much greater for Vancouver compared to Salvador (Table 3).
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FIGURE 2. Age-prevalence curve for Leptospira infection in Salvador and Vancouver Norway rats (Rattus norvegicus). The size of the point indicates the number of rats in that age category (larger point = larger sample size).





Table 2. Odds ratios for being Leptospira interrogans PCR-positive among Norway rats.
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Table 3. Variance and standard deviation of the random effects (of the intercept) for the Vancouver and Salvador full models.
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Rats are more likely to be infected with L. interrogans at a younger age in Salvador compared to Vancouver (Figure 2). The probability of a rat leaving the nest with infection was 0.002 (95% CI: 0–0.01) in Vancouver and 0.21 (95% CI: 0.10–0.32) in Salvador.



DISCUSSION

These results reveal a number of similarities and important differences with regard to the ecology of L. interrogans and rats in Vancouver and Salvador. First, it is interesting to note that the rat population in Salvador appeared to be significantly older than that in Vancouver and had a greater proportion of sexually mature rats. The Salvador rats were also more likely to be wounded; however, this may simply be a reflection of population demographics, as older rats and sexually mature rats were more likely to be wounded in both cities. Overall, these results suggest a more rapid population turnover is occurring in Vancouver. Although the reason behind this is unclear, there are several potential explanations. First, rats in Vancouver and Salvador are distinct from each other phylogenetically, and likely arose through independent founder events (Puckett et al., 2016); therefore, there may be heritable differences in lifespan between the two populations. Second, a previous study in Vancouver demonstrated a high prevalence of infectious and degenerative cardiovascular and respiratory disease, particularly in older rats (Rothenburger et al., 2015a,b). While the health status of the Salvador rats is not known, a decreased disease burden in that population compared to Vancouver could account for a longer lifespan. Rats in Salvador and Vancouver exist in two highly disparate environments, and it may be the case that decreased infrastructure and sanitation in Salvador provides greater access to resources (Santos et al., 2017) and supports a longer lifespan in resident rats. Finally, although there are no coordinated rat-control programs in either city, many property and business owners in the DTES conduct lethal rat control (i.e., trapping and poisoning) on their own or through a pest control company, which may contribute to increased population turn over.

Given that L. interrogans carriage is strongly associated with age, the higher overall prevalence of the pathogen in Salvador rats may be partially attributable to the different age structures of the two populations. However, after stratifying by age, rats in Vancouver consistently had a lower prevalence of infection compared to those in Salvador. This phenomenon may be caused by the widespread environmental contamination of soil and water with pathogenic L. interrogans within the urban slums of Salvador (Casanovas-Massana et al., 2018)–contamination that may be facilitated by the higher average annual temperature and precipitation compared to Vancouver. Indeed, transmission of L. interrogans from rats to humans is more common in warmer and wetter climates (Himsworth et al., 2013b). In fact, some studies have suggested that prevalence of L. interrogans in rats decreases with increasing latitude simply as a result of climactic differences (Jensen and Magnussen, 2016). Additionally, differences in the built environment between the Salvador and Vancouver study areas make the former more prone to flooding and accumulation of standing water, both of which facilitate environmental transmission of L. interrogans (Himsworth et al., 2013b; Hagan et al., 2016). Indeed, it is these differences that likely account for the fact that human cases of leptospirosis are common in Salvador, but have yet to be identified in Vancouver (Costa et al., 2017; McVea et al., 2018).

In both Salvador and Vancouver, the odds of L. interrogans infection increased with age. This is a consistent finding among studies of L. interrogans in rats (Vanasco et al., 2003; Johnson et al., 2004; Krøjgaard et al., 2009) and likely reflects an increased cumulative probability of exposure to and infection with this pathogen over time. However, it is interesting to note that rats were significantly more likely to leave the nest carrying Leptospira in Salvador compared to Vancouver. Previous studies have identified the presence of L. interrogans in breastmilk in Salvador rats (De Oliveira et al., 2016), suggesting the possibility of vertical infection. A similar study has not been conducted in Vancouver; however, it seems unlikely that the core biology of the same species in two separate locations would differ sufficiently to account for significantly different rates of vertical transmission. Additionally, the low number of leptospires in breast milk and tissues may not be sufficient for effective transmission of the bacteria (De Oliveira et al., 2016). It therefore seems more likely that this finding reflects a greater degree of environmental contamination and transmission within the nest in Salvador compared to Vancouver. This, in turn may be due to the different environments available for burrowing and nest building in the two cities.

Although age was associated with wounding in both cities, wounding was an important risk factor for infection independent of age. There was also a significant interaction between age and wounding, suggesting that impact of wounding on L. interrogans transmission is greater in younger animals. Yet, as there is no significant shedding of L. interrogans in saliva (Donovan et al., 2018), wounding does not represent a direct route of transmission. Rather, bite wounds may reflect specific social interactions that promote transmission, particularly behaviors associated with dominance and social hierarchies (e.g., fighting). This suggests that, while “random” exposure in the environment may be a source of L. interrogans for rats, specific behaviors are also responsible for L. interrogans infection. This is important because anthropogenic interventions that alter rat population and social structures, and associated intraspecific interactions, may have unforetold impacts on L. interrogans ecology in rats. Indeed, a recent study in Vancouver rats showed that lethal pest control can increase the prevalence of L. interrogans in rats (Lee et al., 2018). The results of this study suggest that behavioral drivers of L. interrogans infection may be common among cities, therefore those undertaking pest control with the goal of reducing public health threats should do so with the understanding of the potential impacts of different control approaches on rats and the pathogens they carry.

Although social factors may be associated with L. interrogans infection in both cities, the specific behaviors and/or interactions that facilitate infection may vary. This possibility is highlighted by the fact that sexual maturity was an important independent risk factor for infection in Salvador but not Vancouver. Vancouver and Salvador also differed significantly with regard to the impact of geography on infection. Specifically, the random variation in the odds of infection by trapping site was much greater in Vancouver than in Salvador. This could be attributed to differences in study design, as trapping was conducted on a finer scale in Vancouver compared to Salvador. The difference in sampling methodology between the two cities, however, was a direct result of differences in the built environment. Specifically, Vancouver's block system allowed a systematic, grid-like approach, which could not be replicated in Salvador. Differences in the built environment may also create differences in rat and pathogen ecology between the two cities. For example, in Vancouver, paved streets heavily used by vehicular traffic separated adjacent city blocks, while in Salvador, trapping points were separated by open spaces and fewer, smaller roadways (i.e., avenues). Genetic evidence suggests that roads may present anthropogenic barriers to rat movement (Richardson et al., 2017; Combs et al., 2018) isolating colonies and creating a markedly heterogeneous pattern of disease distribution even over short geographic distances (Himsworth et al., 2013a, 2015a,b). In the absence of significant roadways, it may be the case that rat colonies co-exist in closer proximity to one another and/or have a greater degree of direct or indirect contact. This, in turn, may facilitate L. interrogans transmission among colonies. Indeed, it is of note that the prevalence of L. interrogans infection in Vancouver ranged from 0 to 66% among blocks (Himsworth et al., 2013a). It may therefore be the case that colony segregation in Vancouver is partially responsible for both the low overall prevalence of the pathogen and the marked random variation in block-level prevalence.


Limitations

One limitation of this study is that, lacking a way to accurately determine the age of rats, we used a weight-derived estimate as a proxy of age. This could lead to miscalculations of age because weight-based age estimates do not account for rat population characteristics that could cause disparities in rat weight, such as genetics, health status, and nutritional condition. For example, rats in poorer health and with lower nutritional status might weigh less, and would therefore be calculated as younger than a healthy rat of the same age in a nutrient-rich environment. However, as the age estimates of rats leaving the nest for both locations were similar, this suggests that age estimates, at least for younger animals, are aligned. Similarly, while rats in Salvador were significantly heavier than rats in Vancouver, they were also more likely to be sexually mature, suggesting that weight is unlikely to have markedly affected differences in age estimates between the two sites.

A second limitation was the variation in the duration of pre-baiting and active trapping between Salvador and Vancouver which was a result of the collaboration between the two study groups being established after the fieldwork had already been completed. It is not known how variations in pre-baiting time might impact the factors included in this study. However, it has been shown that larger, sexually mature rats are more likely to be captured earlier in the trapping period, compared to smaller and immature rats (Himsworth et al., 2014; Byers et al. in unpublished). Although this would not impact analyses at the level of the individual rat, given that mass is positively associated with L. interrogans infection, studies with shorter trapping periods, such as that in Salvador, could produce an inflated estimate of L. interrogans prevalence. However, Byers et al. (in unpublished) found no significant association between L. interrogans infection status and trap day, suggesting that the impact of trapping period on the results of this study are unlikely to be significant.

Finally, it is important to note that the trapping methodology used in this study would not allow us to estimate rat abundance or population density in either city. Indeed, there have yet to be any published studies investigating the impact of these factors on L. interrogans dynamics in urban rats. Given that many diseases are density-dependent (Begon et al., 2002), and density-dependent transmission may influence the efficacy of control measures, such as population reduction, we suggest that this should be a priority for future study.




CONCLUSIONS

Overall, this study highlights the similarities and differences in ecology of L. interrogans in rat populations in two ecologically distinct urban environments. We reveal that both increasing age and number of bite wounds heighten the odds that a rat will acquire L. interrogans, and that rats are more likely to leave the nest with infection in Salvador than in Vancouver. Differences between the study areas in pathogen prevalence and spatial heterogeneity of infected rats further suggests that both the local environment and rat social structures/behaviors are important drivers in transmission events. These nuances underscore the importance of geographical location in L. interrogans ecology, and reiterate the necessity of understanding rat-pathogen dynamics both globally and locally to devise effective mitigation techniques. Priorities for future studies include developing and/or validating accurate tools for aging urban rats, as well as repeating these analyses in other urban ecosystems, both similar and different to those included here, in order to determine whether these findings can be supported and/or expanded upon.
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Live-trapping of urban rodents and other small mammals poses several challenges for researchers and pest control professionals (PMPs). Most traps are novel to the natural environment and elicit neophobic, or trap-shy, behaviors. Thus, animals captured in traditional traps may either be the least risk-averse, or most desperate. Consequently, individuals of the lowest social ranks, those in poorest health, and the slowest learners are more likely to be captured. This is problematic for research because non-random samples may lead to over-generalization and false conclusions. To address these problems, we developed an inconspicuous, hanging live-trap prototype. In addition to being hard to detect, the trap enables setting several parameters of animal movement and detection before the trap is triggered. The neophobic reaction could then be significantly reduced because animals do not need to enter any trap-like objects—instead they move and feed on a familiar surface. At a time predefined by the user, the triggering mechanism drops a transparent cover over the animal, preventing it from fleeing and enabling either transport to the laboratory, mark-and-release or disposal. Here, we report our initial purpose, design and preliminary results. Animals triggered the trap 34 times during our 1-month preliminary assessment. During this time, 32 individuals were captured (25 Norway rats and 7 house mice) for a 94% catch rate. Video surveillance revealed no obvious signs of non-random sampling as all trapped rats were representative of a broad range of sizes and ages. There were no signs of low social status (e.g., scar markings, parasitism, or poor health). Importantly, we found a low latency following capture, as released animals showed no instances of increased exploratory or cautious behaviors such as rearing or sniffing, near the hidden traps. More monitoring of this design is needed before future conclusions can be drawn. However, these results should encourage a full range of experimental trials from neuroscientists, urban ecologists, pest control professionals (PMPs) and conservationists who seek randomized samples or who work with trap-shy species.
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INTRODUCTION

Safe, random trapping of live animals is important for research (Calhoun, 1962; Lockard, 1968; Stryjek and Pisula, 2008; Stryjek et al., 2012) and the pest control industry (Macdonald et al., 1999; Mason and Littin, 2003; Littin et al., 2014) alike. However, the use of traditional trap designs has compromised our ability to collect truly random samples of a given species (Mitchell, 1976; Stryjek and Pisula, 2008; Stryjek et al., 2012). For ecologists, trap-and-release studies are essential for accurately estimating the size of a population (Chao, 1989). Conservation biologists trap prior to translocating flocks or herds (Griffith et al., 1989), this is particularly important to do in the case of reintroductions (Abbott, 2000; de Milliano et al., 2016) or when training threatened animals to be “wary” of a novel predator (Blumstein et al., 2002). Psychologists and neuroscientists who use rat models in the laboratory or in the field, may trap wild rats, or even create new strains of outbred laboratory rats to increase variability in their study populations (Stryjek and Pisula, 2008). Epidemiologists and public health officials may trap rodents as part of surveillance programs to determine if, or when, potential pathogens are entering the population (Firth et al., 2014; Frye et al., 2015; Parsons et al., 2015, 2016).

Random live-trapping serves two essential functions. The first rule of warfare is to “know thy enemy” (Macdonald et al., 1999; Singleton et al., 2007). Thus, wildlife researchers and rodentologists must use highly-variable, random samples of a population to fully understand the efficacy of attractants, repellents and learning/appeasement tools on a pest species (Parsons et al., 2017, 2018). Finally, pest management professionals (PMPs) may routinely trap animals as part of their control efforts (Himsworth et al., 2013). Unfortunately trapping rarely removes the healthy, reproductive members of a population. Instead it is biased by sex, age or social status (Firth et al., 2014; Parsons et al., 2015). Pest trapping is particularly likely in food manufacturing facilities where it is often illegal to introduce poisons, or kill-traps (snap traps or glue traps). The latter is an issue because animal carcasses may accumulate along with potential pathogens as well as carry poisons from other areas, whereas glue traps have also fallen out of favor for ethical reasons. In addition, live-traps are often chosen for aesthetic and ethical reasons (many people refuse to kill animals, even if done humanely; Mason and Littin, 2003; Powell and Proulx, 2003). Finally, live-traps are used when protected species become pests locally [e.g., the Beech marten; Martes foina; Rondinini and Boitani, 2002].

However, despite the broadscale need in research and pest control to trap random samples, live-trapping continues to be limited and biased toward age, social status or sex (Firth et al., 2014; Parsons et al., 2015). This is especially surprising given the lack of emphasis made on other field based technologies such as improved camera trapping techniques (Norouzzadeh et al., 2018). To date, several live-trapping methods, of varying levels of efficacy, have been designed and implemented (Corrigan and Moreland, 2001). In the case of rodents, the most popular methods include various kinds of box-style wire mesh or traps made of full metal sheets, such as Sherman, Tomahawk and Havahart traps (Hice and Velazco, 2013). Triggering mechanisms are almost always placed inside and must be stepped on or pulled with some force in order to close the trap. Such traps have either one or two entrances. Anthony et al. (2005) compared large and small Longworth and Sherman traps for efficacy in trapping long tailed shrews (Sorex dispar) and western harvest mice (Reithrodontomys megalotis). While this study focused on the number of animals of each species caught over 3 years, it did not consider whether either trap was more likely to capture a representative sample of the variation in each population. Sampling bias for each trap-type was examined for pit traps, funnel traps and Elliot traps in Western Australia (Thompson and Thompson, 2007). However, these trap designs varied by species-size (herpetofauna and small mammals), and there was no examination of within-species variability. In a rare study in 2002, Jacob et al. (2002) contrasted the performance of two trap-types (Ugglan and Longworth) in field studies of house mice (Mus musculus) in southeastern Australia. Both traps performed similarly, however, Ugglan traps were more likely to attract males. These trials did not relate inter-species variability other than sex bias. In another Australian study Stokes (2013) compared enclosed Elliot traps to open wire cage traps in trapping black rats (Rattus rattus) and the native rat (Rattus fuscipes). Due to the biases of each type toward species, life stage or sex, the author recommended multiple trap types be used together.

Indeed, trap size rather than trap type (Ribeiro-Júnior et al., 2011) or intra-species variability has been the most examined aspect of trapping over the last 30 years. Many of the remaining trap studies have focused on humane traps to minimize wildlife suffering from capture (Olsen et al., 1988).

Multiple catch traps (e.g., Monarch Design) are less commonly used; in this case, animals enter the trap through a funnel entrance which leads to a weighted trapdoor (Vanderduys, 2016). Other live-trapping methods of small mammals are pitfalls, artificial burrows and nest boxes (Sikes et al., 2011). Yet these approaches are decades old and continue to generate biased catches (Zentall and Levine, 1972).

The general problem with most traps is that, as novel objects, they elicit neophobic reactions (Barnett, 1958; Calhoun, 1962; Mitchell, 1976) which may sometimes persist for weeks, with some instances of animals never approaching the object (RS observation). In addition, after several individuals from a given population are trapped, other individuals start avoiding the traps via social facilitation (Zentall and Levine, 1972), which makes those traditional trapping methods suitable for trapping only a sub-sample of less risk averse or slowest learning animals in a given population (Thompson, 1953). Due to the rats' inherent cautious behavior, trap-shyness and ability to develop escape techniques, live-traps are sometimes thought to be impractical and ineffective (Corrigan and Moreland, 2001). Finally, the commonly used triggering mechanisms in traditional designs are susceptible to accumulation of dirt and mechanical defects, which makes the use of classic live-traps even more challenging (RS, MHP personal observations).

Consequently, traditional trapping methods are not only ineffective, they usually do not provide a representative sample of animals(Lockard, 1968; Boice, 1971a). It is well known that individuals of the lowest social ranks, the slowest learners and those in poor health are far more likely to be captured (Lockard, 1968; Boice, 1971a). The latter is of crucial importance for the scientific research because non-random samples could result in false conclusions and over-generalizations (Burnham and Overton, 1978). When only a small number of individuals are caught, such as the most resilient or least shy, it further increases the risk that these individuals are genotypically unique. When captured for laboratory settings, this may cause a phenomenon called the founder effect, which leads to genetic drift toward features rarely present in the original population (Lande, 1976). From a pest management perspective, PMPs who routinely trap rats may be removing the lowest ranking members (e.g., beta through omega) while having no negative impact on the alphas (Lockard, 1968; Boice, 1971a). Due to the time-cost inefficiency and the above-outlined difficulties, and due to a constant need to capture live wild rats for the purposes of research and breeding in the WWCPS colony (Stryjek and Pisula, 2008), we developed a relatively simple and potentially highly effective rodent trapping technique. It is hoped that by following modifications to the size and weight, this design could possibly be used for capturing other species (e.g., feral cats; Parsons et al., 2018) or even such trap-shy species as the beech marten (Rondinini and Boitani, 2002). The device prototype has no commercial equivalent available on the market, and thus a design such as this may be necessary for research and industry alike.



TRAP DESIGN

The following description aims to facilitate the construction and modification, as well as the implementation of the presented trapping algorithm to other kinds of live-traps. The main part of the trap prototype is an inconspicuous, suspended transparent plastic cover, which is dropped onto the surface to safely capture and prevent the animal from escaping (Figure 1 and Supplemental Video 1). The main advantage of this approach is that animals are not forced to enter the trap. Instead, they can move on a familiar surface, which significantly decreases neophobic reactions (Stryjek and Modlinska, 2016). The transparent cover (L = 59.5 cm, W = 39.5 cm, H = 16.9 cm; Plast Team Basic 30 L) is suspended 20 cm above the ground. On the inside, it is equipped with a motion detector with regulated range and sensitivity. The transparent cover is fixed to a trigger lock with a chain. The trap is operated by an Arduino computer (Barrett, 2013) placed on a rack with a screen and keypad. The latter makes it possible to set an algorithm for the release operation (i.e., dropping of the transparent cover) based on the readings of the PIR (Passive Infra-Red) sensor. The user can set the number of alert cycles and their duration, and thereby set the conditions for triggering the trap. The algorithm (see Figure 2 and Supplemental Data Sheet 1) enables pre-baiting (Chitty and Kempson, 1949; Babinska and Bock, 1969). i.e., consuming the bait without operating the trap, which enables rats to roam, forage and interact under the transparent cover and gradually become habituated to any novelty such as the scent of the plastic or the electronics, as these factors are not typically associated with any aversive stimuli (Selden et al., 1991). This is crucial, as at the initial stages of contact with the bait, the rats exhibit a high level of caution and are prepared to flee rapidly.
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FIGURE 1. The tested prototype of the trap: (A) Arduino computer and triggering mechanism; (B) upward-sliding entrance gate used for taking the animals out of the trap; (C) bar preventing the transparent cover from moving and rotating; (D) motion detector with regulated range and sensitivity; (E) falling transparent cover made of plastic; (F) bait.
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FIGURE 2. Block diagram showing the operation of the trap.



Among rats, much of tactile stimulation and information about the surrounding environment comes from vibrissae and guard hairs (Vincent, 1912). Therefore, the principle design of the proposed trap is composed of a suspended transparent cover hanging out of sight above the surface. Most animals adapted to nocturnal conditions, such as rodents, have reduced vision (Crawford, 1934). Thus, the transparent cover is very difficult to detect. This allows the researcher or PMP to place the device in targeted areas of known activity. Such as on paths frequently chosen by the animals (rats display strong tendencies to continuously use the same pathways—see Calhoun, 1962). Placing bait on a pathway, along a wall, which is a part of familiarized and relatively safe territory increases the chance of the trap being successful. It is necessary, however, for the user to be able to set a condition that the sensor needs to be activated for several seconds to prevent the trap from being triggered by animals passing (without stopping) beneath the transparent cover.

To better conceal the device, it may not only be placed on the prototype rack, but also be suspended from a ceiling or attached to a wall. The triggering algorithm can also be used in a similar manner to that of other classic types of traps (Figure 3) allowing for prebaiting and capturing lightweight (15–20 g) animals such as e.g., mice, shrews and birds that may not be heavy enough to set off a trip pan. A Norway rat (Rattus norvegicus) in comparison may average 300 g (Parsons et al., 2017). As for the bait used, rats should not be able to take it away. This why the bait should be viscous and smeared on the floor (RS, MHP observations). To increase attractiveness of the bait, sex hormones and pheromones may also be applied (Takács et al., 2016). Recent data suggests that such application significantly improves trapping success among rats and mice (Takács et al., 2016; Musso et al., 2017). Another way of facilitating captures is generating species-specific auditory cues, which may increase the attraction for animals (Takács et al., 2016).
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FIGURE 3. Three ways of implementing the idea: (A) falling transparent cover attached to a rack, ceiling or wall; (B) classic drop trap; (C) classic wire mesh live trap.





METHODS


Study Site

This preliminary study was conducted over 1 month (September, 2015) on a wild living colony of Norway rats (Rattus norvegicus) on a farm consisting of 4 separate, distant buildings separated from one another by ~30 m, situated on the outskirts of Warsaw, Poland (52.13°N, 21.00°E) The farm was inhabited by at least two rat colonies. The size of the tested colony had not been controlled for approximately the last 3 years prior to the experiment—neither by means of poisons, nor mechanically. The second colony was not utilized in order to avoid any possible interference or interruption with other behavioral tests conducted on the property (Modlinska and Stryjek, 2016; Stryjek et al., 2018). Cocoa-peanut butter (Nutella®) was used as bait, and it was smeared on the surface directly underneath the transparent cover. The test was conducted in three separate trapping spots placed in three different rooms on the farm.



Placement

The surface or floor under the trap prototype should be flat and solid to prevent animals from escaping by digging burrows. Another possible way to prevent escapes is to put a metal wire mesh on the ground or to place it underground and cover it with a thin layer of soil. However, if there are concerns that animals try to dig through the wire, then a plexiglass plate covered with soil may be substituted. Importantly, when this device is utilized outdoors in unpredictable or inclement weather, we recommend either using (or installing) a wind break 3 weeks prior to trapping or making changes to the construction of the rack, causing it to be more firmly situated without swinging. Another option might be to construct a composite weighted rack that limits swinging, however, the researchers would have to account for the fact that a weighted rack could then cause harm to animal when it drops. Therefore, for animal ethics concerns, a heavier outer cover might be fixed in place and subsequently release an internal, but lighter, cover. The wind break approach would not have any impact on trap shy animals, whereas the latter choice includes a physical structure and might require prebaiting alongside the rack. The choice would be up to the reader and the local context of presentation. We recommend these traps be remotely monitored, because unlike normal traps, food, water and shelter will be unavailable unless the end-user makes modifications to the design.

To safely and reliably remove captured animals from the trap, we rely on a phenomenon called thigmotaxis (a tendency to hide in small spaces; Treit and Fundytus, 1988; Stryjek and Modlinska, 2013). Captured rodents will almost always try to flee from the trap. We take advantage of this tendency by transferring them to cardboard boxes, from which they can be moved into transport cages (Stryjek and Modlinska, 2013). After placing a cardboard box next to one of the gate entrances at the sides of the transparent cover, the gate may be opened. The animal, seeking a way to flee, will escape into the adjacent box, in which it can then be transported to a different place (Supplemental Video 2).

Except for the instance when the transparent cover is released and dropped, the device operates in absolute silence—neither the PIR sensor, nor the other electronic elements emit sounds (they have been tested with an ultrasound detector—Avisoft-UltraSoundGate 116Hb). The construction of the prototype, as well as a circuit diagram are demonstrated in Figure 4. The cost of parts used in the construction is relatively low (<$75) and would be much smaller if mass produced. Though, this expense, even at its most expensive point, could be justified against the overall benefit of highly-variable animal models in the research laboratory (Stryjek and Pisula, 2008), the potential for reduced risk of disease in the wild (Firth et al., 2014; Frye et al., 2015), and the billion-dollar worldwide industry of rodent control (Parsons et al., 2015).
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FIGURE 4. Electric diagram of the trap: (1) battery 12V/7AH; (2) DC LM2596 module; (3) Arduino Leonardo ATmega32u4 R3; (4) LCD keypad shield LCD 1602; (5) PIR HC SR-501; (6) relay; (7) actuator (car central lock actuator); (8) lock (car trunk lock).





Assessment Phase

We did not have any set duration for the initial assessment, our only intentions were to (1). establish a catch rate of the animals in a single colony, and (2). determine whether a random sample of animals from a population were captured. Our measure of success was to catch a range of males, females, juveniles, adults. Most importantly, we wanted to determine if healthy individuals or potential high socially ranking animals (no scars or obvious parasitism) were being captured as frequently as sick animals. Lastly, we were interested in determining the latency for repeated capture of animals or repeated use of target areas by previously captured animals. One important aspect that simplified our assessment was knowing that we did not have to mark animals prior to their participation. Because the trap is non-detectable (the essential aspect of the design), animals are ostensibly unaware that there is any trap present. Thus, following capture, the animal would either continue to use the area, in which case their next possible capture would not have been influenced by the previous capture, or the animal would avoid the area. Either way, repeated captures could not influence our outcomes.

We used 4 IR cameras CMOS EC-832-SCH connected to a DVR recorder (EC-7804T), which enabled 24-h observation. The trap and videos were checked on a daily basis. We focused specifically on testing the triggering mechanism set to release the transparent cover after 5 cycles of sensor activation, each lasting 5 s.




RESULTS

The trap was operated 34 times, and 32 animals were captured (25 Norway rats and 7 house mice) which represents a 94% capture rate of animals that trigger the trap. There were no obvious signs of non-random sampling—all trapped rats appeared to be representative of different sizes and ages. Importantly, there were no signs of reduced social status [e.g., scar markings on tail, rump or neck; see Boice, 1971b] or poor health (porphyrin around eyes, uneven vibrissae and guard hairs, or obvious blood) were observed. A qualitative analysis of the video recordings showed that the transparent cover suspended 20 cm above the ground does not elicit any obvious reaction in animals (there were no observed instances of exploratory behaviors, such as rearing or sniffing). After 2–4 captures, some animals started to exhibit avoidance reactions toward the place of trapping. The animals, however, did not avoid the trap itself—when relocated to a different place within the reach of the same colony, the trap proved effective again. A decreased exploration of a given place was observed also after the trap had been removed to another room, which means that the evoked avoidance reaction was linked to the place, and not to the device itself.



DISCUSSION

We prepared a working prototype to be further developed by other researchers and pest control professionals based on their own context and needs. Our initial results for a single colony of Norway rats in a peri-urban area near Warsaw (Poland) are promising enough to warrant further experimental trials. The range of individuals within a population captured and the low latency suggests the inconspicuous design of the prototype trap helped overcome trap shyness or neophobia. This phenomenon has been identified as the primary barrier to capturing a random sample of animals (Stryjek and Modlinska, 2016) from a population. The efficiency, 32 animals among 34 triggers (94%) was likely higher than among traditional traps, The low efficiency of traditional traps is well known among researchers and PMPs who commonly return to traps that have been triggered, but are empty. We also note that the cost of parts used for construction was relatively low when compared against the benefits of improved lab animal models (Stryjek and Pisula, 2008) and rodent control (Parsons et al., 2015).

The use of a suspended transparent cover meant that it is highly unlikely that the animals would get any sense of a potentially threatening object. This was demonstrated by the low latency of rats approaching the bait with no exploratory behaviors around the trap area. After the trap had been triggered several times, the animals' reaction was to avoid the place where the trap had been placed rather than the trap itself, which when moved elsewhere did not evoke neophobic reaction. Seven non-target animals (Mus musculus) were captured. Though we note that further adjustments could have been made to the algorithm in order to limit species to a given weight range. We believe this design is among the first to provide reasonable control over capture of non-target species.

The efficiency of the trap is increased by using an adjustable time of sensor activation and an adjustable number of alert cycles before the triggering mechanism releases the transparent cover—at the initial stages of contact with a new bait, the animals exhibit caution and are prepared to flee rapidly. Moreover, the condition that the sensor needs to be activated for several seconds prevents the trap from being triggered by animals passing through beneath the transparent cover, which makes it possible to place the trap on frequently chosen paths.

In our opinion, potential improvements could involve reducing the size of the device, which is relatively large in its prototype version, as well as using a metal wire mesh instead of plastic. A transparent cover construction would improve the airflow, prove more difficult to bite through or lift by any animals trying to escape. The type of research desired will determine which changes should be made. For instance, in some rural or field applications, a shaded cover instead of transparent should be considered. This allows animals some form of shelter. Inside a building however, the transparent cover seems ideal, as it allows for the ease of identification of the type of the target animal.

It seems worthwhile to consider suspending the trap from a ceiling or wall. This is because using the rack in the prototype introduced changes into the space in which the animals moved, thereby potentially triggering a neophobic reaction. We believe another improvement would involve software modification to enable the user to set the time in which the trap would be active (e.g., to trap nocturnal animals and avoid trapping diurnal animals). An improved system could also inform its users about all instances when the trap was triggered via text or multimedia messages (Macdonald et al., 1999; Notz et al., 2017), which would allow an identification of the trapped species and shorten the time the animal is kept inside the trap.

The above-described alterations could help test the efficiency of this presented triggering mechanism in trapping other animal species. Its implementation into other kinds of traps may help improve trapping efficiency (both the number of captured rats, and representative samples among a population) while reducing the risk of accidental capture of non-target animals, without any risk of secondary poisoning or comprised animal safety. While improved techniques to camera trapping are regularly being made (Norouzzadeh et al., 2018), there have been few changes to live traps. We hope other researchers and pest control professionals will utilize and adapt the algorithm to their own needs.
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Two species of invasive rats (Rattus norvegicus and R. rattus) arrived in New Zealand with Europeans in the mid to late eighteenth and nineteenth century respectively. They rapidly spread across the main islands of New Zealand and its offshore islands, displacing the historically introduced R. exulans. Today both species are widespread although the distribution of the sub-dominant R. norvegicus is patchy. Tissue samples were obtained from 425 R. rattus and 130 R. norvegicus across the New Zealand archipelago and neighboring islands. We sequenced a standard 545 base pair section of the mitochondrial D-loop in order to construct a modern phylogeography of the two species and to make inference on historical invasion pathways and spread across the country. We found limited diversity in R. norvegicus haplotypes, with two widespread haplotypes across New Zealand and its offshore islands most likely corresponding to two independent invasions, potentially with English and Chinese origins, respectively. In contrast we found widespread diversity in R. rattus haplotypes across New Zealand and its offshore islands, most likely corresponding to at least four independent invasions to the main North and South Islands, Great Barrier Island archipelago, and Stewart Island archipelago. The most common R. rattus haplogroup was found throughout New Zealand and many of its offshore islands, as well as neighboring islands in the Tasman Sea, and has been documented elsewhere across the Pacific, but with European origins. We also found both geographic partitioning and secondary invasions of haplotypes within the main North and South Island. In addition to distinct haplogroups differing by over three base pairs, which exhibit geographical partitioning suggestive of independent invasion events, for both species we also found instances of single base-pair differences within localities, elevating haplotype diversity. The geographical distribution of pelage color morphs also correlates with haplotype distribution, lending further support to the hypothesis and role of independent invasion events.

Keywords: D-loop, genetics, island, mitochondrial DNA, rattus, rodent


INTRODUCTION

Three species of rats have been introduced to the New Zealand archipelago: Rattus exulans (Pacific or Polynesian rat), R. norvegicus (Norway or brown rat) and R. rattus (ship or black rat). R. exulans was introduced by Polynesian settlers in the late thirteenth century (Wilmshurst et al., 2008), while R. norvegicus and R. rattus were introduced by European explorers and settlers in the mid to late eighteenth and nineteenth century respectively (Atkinson, 1973). Each species rapidly spread throughout the country, and in turn displaced those rat species which had arrived previous to it (Russell et al., 2014). As of the late twentieth century R. exulans was mostly restricted to remote parts of the main islands and a few offshore islands of New Zealand, R. norvegicus was distributed patchily across the main islands and some offshore islands of New Zealand, and R. rattus was distributed abundantly across the main islands and some offshore islands of New Zealand (Russell and Clout, 2004).

Since the middle of the twentieth century these rat species have been progressively eradicated from the uninhabited offshore islands of New Zealand (Clout and Russell, 2006; Russell and Broome, 2016), and since the start of the twenty-first century controlled widely across the main islands of New Zealand (Brown et al., 2015; Russell et al., 2015). The rat species of European origin (R. norvegicus and R. rattus) have well-documented dispersal capabilities over water and land (Russell et al., 2005; Abdelkrim et al., 2010), indeed R. norvegicus is particularly effective at dispersal by swimming and can cross water gaps of two kilometers, while R. rattus can cross gaps of hundreds of meters (Bassett et al., 2016). Population genetic studies have helped determine the putative origin of rats on islands (Robins et al., 2016), and whether rats discovered on islands following eradication are survivors or reinvaders (Russell et al., 2010). Such genetic studies have contributed to improved management of invasive rats across New Zealand.

The population genetics of house mice (Mus musculus) has been rigorously assessed across the New Zealand archipelago using a variety of genetic markers (Searle et al., 2009; King et al., 2016; Veale et al., 2018). The population genetics of R. exulans has also been assessed, as a proxy for Polynesian migration (Matisoo-Smith et al., 1998). However, to date, there has not been a comprehensive national survey of R. norvegicus and R. rattus genetic diversity across the entirety of the New Zealand archipelago. Regional studies of genetic diversity in New Zealand have been undertaken, particularly for island groups and adjacent coastlines (Russell et al., 2009, 2010; Abdelkrim et al., 2010; Fewster et al., 2011; Robins et al., 2016). Similar regional studies of R. norvegicus and R. rattus have also been undertaken internationally (Aplin et al., 2011; Song et al., 2014). Such molecular studies can have a variety of applications, including increasing knowledge of invasive rat taxonomy (Bastos et al., 2011; Conroy et al., 2013), evolutionary biology (Lack et al., 2012; Konečný et al., 2013,), ecology (Theuerkauf et al., 2015; Varudkar and Ramakrishnan, 2015), disease epidemiology (Tollenaere et al., 2012; Brouat et al., 2013; Richardson et al., 2017), management (Kaleme et al., 2011; Kajdacsi et al., 2013; Haniza et al., 2015) and historical biogeography (Tollenaere et al., 2010; Lack et al., 2013; López et al., 2013; Brouat et al., 2014; Colangelo et al., 2015; Berthier et al., 2016). In this work, the first comprehensive national survey of mitochondrial genetic diversity for R. norvegicus and R. rattus across the New Zealand archipelago and surrounding islands is undertaken.



MATERIALS AND METHODS


Samples

Tissue samples were acquired from New Zealand and surrounding islands from 2001 to 2015 through research collections (i.e., regional studies), opportunistic collection (e.g., road kill), and requests to people or groups undertaking rat trapping (Supplementary Table 1). Tissue samples were provided as a by-product of pest control in accordance with the Conservation Act (1987) and thus were exempt from animal ethics committee approval under the New Zealand Animal Welfare Act (1999) 30B.1.b.iii, except where indicated in cited studies. Collections were made with a focus on representative geographic coverage of as many islands as possible on which either rat species was known to be or have been present, and for islands larger than 100,000 hectares representative coverage was sought across those islands (i.e., North, South, Stewart). As well as all outlying islands within the New Zealand Exclusive Economic Zone (Campbell, Chatham and Raoul Islands), samples were also obtained from Macquarie, Lord Howe and Norfolk Islands, and Port Jackson, Sydney (Australia). Tissue samples ranged in quality from freshly caught to degraded by some weeks, but previous work assured us that this did not affect the quality of DNA extraction for the level of molecular resolution we required. Tissue samples were geoindexed precisely with GPS or on large islands approximately to nearby landmarks (variation of a few kilometers). Rat species identification was not always known or accurate, but was invariably confirmed following molecular typing.



Sequencing

DNA was extracted using the DNeasy Tissue Kit (Qiagen), or the High Pure PCR Template Preparation Kit (Roche Diagnostics). The 585 bp amplicon of the D-Loop was amplified with the primers EGL4L and RJ3R (Robins et al., 2007). The reaction volume was 20 μL comprising: 10 mM Tris HCl pH 8.3; 50 mM KCl, 2.5 mM MgCl2, primers at 0.5 μM each, dNTPs at 0.15 mM each; 0.5 U of Taq polymerase, 1 μL of DNA template. The PCR (polymerase chain reaction) regime was an initial denaturation step of 94°C for 2 min; 35 cycles of 94°C for 30 s, 60°C for 30 s and 72°C for 1 min with a final extension step of 72°C for 5 min. PCR products were visualized and quantified, using a low mass ladder for comparison, on ethidium bromide stained 1% agarose gels. PCR products were purified with ExoSAP-IT (Affymetrix, Inc.). Sequencing was carried out at the Massey University Genome Service, Palmerston North, New Zealand using the BigDye Terminator version 3 sequencing kit, the GeneAmp PCR System 9700 and a capillary ABI3730 DNA analyser, all from Applied Biosystems.



Analysis

The raw sequences were trimmed, edited, aligned, and grouped into haplotypes using the software package SEQUENCHER (Gene Codes). The relationships among the haplotypes were estimated with a minimum spanning haplotype network (Bandelt et al., 1999) as implemented in PopART (http://popart.otago.ac.nz).




RESULTS

A total of 23 unique haplotypes were found and lodged in GenBank (Table 1).



Table 1. The number of unique haplotypes across New Zealand and surrounding islands with GenBank accession numbers.
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Rattus norvegicus

A total of 130 samples of R. norvegicus, from 24 islands, were included in our study. Notable absences included Kapiti and Mayor Islands (eradicated and no samples located). The aligned sequences, 545 nucleotides long, had differences in the base composition at 12 positions, and six haplotypes were found (Table 2). The relationships among the haplotypes are shown in Figure 1, and their distribution across New Zealand and surrounding islands in Figure 2.



Table 2. Differences in the base composition of R. norvegicus haplotypes from across the New Zealand archipelago.
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FIGURE 1. Median joining haplotype network for 130 R. norvegicus individuals from across the New Zealand archipelago.
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FIGURE 2. The distribution of R. norvegicus haplotypes across New Zealand and surrounding islands.
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Influenza A virus (IAV) is known to circulate among human and animal reservoirs, yet there are few studies that address the potential for urban rodents to carry and shed IAV. Rodents are often used as influenza models in the lab, but the few field studies that have looked for evidence of IAV in rodents have done so primarily in rural areas following outbreaks of IAV in poultry. This study sought to assess the prevalence of IAV recovered from wild Norway rats in a dense urban location (Boston). To do this, we sampled the oronasal cavity, paws, and lungs of Norway rats trapped by the City of Boston's Inspectional Services from December 2016 to September 2018. All samples were screened by real-time, reverse transcriptase PCR targeting the conserved IAV matrix segment. A total of 163 rats were trapped, 18 of which (11.04%) were RT-PCR positive for IAV in either oronasal swabs (9), paw swabs (9), both (2), or lung homogenates (2). A generalized linear model indicated that month and geographic location were correlated with IAV-positive PCR status of rats. A seasonal trend in IAV-PCR status was observed with the highest prevalence occurring in the winter months (December–January) followed by a decline over the course of the year, reaching its lowest prevalence in September. Sex and weight of rats were not significantly associated with IAV-PCR status, suggesting that rodent demography is not a primary driver of infection. This pilot study provides evidence of the need to further investigate the role that wild rats may play as reservoirs or mechanical vectors for IAV circulation in urban environments across seasons.

Keywords: wildlife disease, urban rodents, Orthomyxoviridae, novel host, influenza


INTRODUCTION

Influenza A virus (IAV) is a single-stranded, negative-sense, RNA virus with a segmented genome that belongs to the family Orthomyxoviridae. It is a virus that has impacted human populations since the nineteenth century and likely earlier (Barry, 2004; Taubenberger et al., 2007). Pandemic viral outbreaks, the worst of which was the Spanish Flu of 1918, can kill millions of otherwise healthy people worldwide, while seasonal influenza kills thousands of people every year and causes billions of dollars in loss of productivity (Molinari et al., 2007). Influenza has a large host range, including domesticated and wild animals. In 2015, an outbreak of highly pathogenic avian influenza (HPAI) cost the U.S. poultry industry one billion dollars and resulted in the culling of 50 million turkeys and chickens (McKenna, 2015). While such HPAI outbreaks have required extreme control measures as a response, the threat of outbreaks has been continuous in the past 20 years. Aside from strains circulating in poultry (H5NX, H7N9, H9N2), infection with endemically-circulating strains of H3 is commonplace in horses and dogs (Parrish et al., 2015). Persistent IAV infection and circulation amongst swine primarily causes impaired growth and weight loss leading to economic losses for producers (Kothalawala et al., 2006).

Influenza infections have also been documented in numerous species of wildlife, with a growing interest in wild animals that overlap with human settlement and agriculture. Marine mammals, including seals, are known to be infected with both influenza A and B strains (Hinshaw et al., 1984; Puryear et al., 2016). Outbreaks occur periodically in seals, creating opportunities for exposure between seals, humans, and other wildlife that overlap along densely populated coastal margins (Runstadler et al., 2013). It is thought that wild birds, particularly migrating water birds belonging to the orders Anseriformes and Charadriiformes, are the reservoir host of IAV (Webster et al., 1992), and contact with waterfowl is a known risk factor for HPAI outbreaks in poultry (Shortridge et al., 2000). The increasing interface between wild and domestic birds, owing to the conversion of natural wetlands to agriculture, presents challenges for controlling the spread of IAV both in Eurasia and North America (Hill and Runstadler, 2016). Aside from seals and birds, however, relatively few studies have investigated the presence of IAV circulating amongst other wildlife, particularly species such as rodents that come into close contact with humans living in cities.

Wild, urban rodents are a ubiquitous but understudied species that may contribute to the epidemiology of influenza in urban environments. Climate change and milder winters across temperate regions contribute to growing urban rat populations (Atkin and Keizer, 2017). Rats thrive in the built environment allowing for frequent contact with humans and wild birds—both established as important hosts for influenza. Rats also have frequent contact with cats, which are known to transmit influenza to humans, albeit as an influenza host of minor importance (Belser et al., 2017). In addition, rodents harbor zoonotic pathogens like hantaviruses, Leptospira sp., arenaviruses, and others (Himsworth et al., 2014). In Vancouver1, antibiotic-resistant E. coli were found in roughly 5% of black and Norway rats, consistent with studies in German cities (Himsworth et al., 2015). In New York City, rats were found to carry Leptospira sp., Bartonella sp., Seoul virus, gastroenteritis-causing bacteria, as well as a number of previously uncharacterized viruses (Firth et al., 2014). Yet few studies have ever looked for influenza specifically amongst urban wild rodents. In Egypt and Hong Kong, evidence of IAV infection in wild rats and mice has been documented, albeit at a low frequency (Shortridge et al., 2000; Shriner et al., 2012; El-Sayed et al., 2013). In the US, those that have looked for IAV have typically been in the wake of outbreaks in rural settings such as poultry barns (Nettles et al., 1985; Shriner et al., 2012; Grear et al., 2016); however, rodents sampled in these studies were negative for IAV (Nettles et al., 1985; Grear et al., 2016).

The city of Boston, Massachusetts, located in the northeast of the United States is an ideal urban setting to study influenza in wild rodents, as Boston was recently identified as having the second highest level of rodent infestation among large cities as reported by the U.S. Census Bureau; American Housing Survey (2015). To identify the role of wild urban rodents in influenza ecology in the context of a city with significant human and rodent cohabitation, we evaluated the prevalence of IAV carriage among trapped wild rats in Boston over a 2-year period. To our knowledge, this is the first study to consider IAV among wild rodents in a major U.S. city.



MATERIALS AND METHODS

This study was cross-sectional in design and aimed to recover rats from varying microhabitats (parks, alleys, etc.) across the City of Boston from December 2016 to September 2018 (Figures 1A,B). Individually bagged Norway rat carcasses were provided by the City of Boston's Inspectional Services. Rodents were collected within 6 h of trapping and were transported on ice to the lab for immediate processing.
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FIGURE 1. Locations of individual sampling sites within the City of Boston, color coded according to (A) the 6 geographical clusters (“geoclusters”) identified with k-means clustering, a process that grouped rat sampling sites according to geographic proximity based on latitude and longitude; (B) influenza A virus status of rats based on molecular screening (positive or negative).



Necropsies were conducted aseptically under a laminar flow hood in a BSL-2 laboratory. Rats were sexed and weighed, and swabs of the oronasal cavities and paw pads were obtained using polyester swabs (Puritan, Maine, USA). Oronasal swabs were collected by swabbing the external nares followed by opening the mouth and inserting the swab at the back of the throat at the junction of the oropharynx and nasopharynx. Swabs were immediately placed in viral transport media (VTM: Remel, CA) and frozen at −80°C prior to screening for the viral RNA (Puryear et al., 2016). Lungs were then harvested aseptically, cryofrozen without media or in viral transport media, and stored at −80°C prior to processing.

Lung samples were homogenized for detection of viral RNA. An ~20 mg piece of lung tissue from each animal was placed into a prefilled 2 ml disruption tube with 2.8 mm stainless steel grinding balls (OPS Diagnostics, NJ) and 350 μl of AE Buffer (Qiagen, Germany) and 350 μl milliQ water. The tube then underwent bead-beating for 1.5 min in a cold room (4°C) prior to further processing.

Viral RNA was extracted from 50 μl of the swab samples in VTM and from lung homogenate samples using the Omega Mag-Bind Viral DNA/RNA kit (Omega Bio-Tek, Norcross, GA, USA) and a Kingfisher Magnetic Particle Processor (Thermo Scientific, Waltham, MA, USA). RNA was screened using qScript XLT One-Step RT-qPCR ToughMix (Quanta Biosciences, Gaithersburg, MD, USA) and analyzed for fluorescence on an ABI 7500 real-time PCR System (Applied Biosystems, Foster City, CA, USA) for a conserved IAV matrix gene segment (M) target, as previously described (Spackman et al., 2002). VTM was used for negative controls in both extraction and PCR steps. Influenza A/Puerto Rico/8/1934 was used as a positive control for the extraction step and extracted RNA from PR8 strain IAV served as a positive control for the PCR step. Samples producing cycle threshold (Ct) values ≤ 45 were considered positive for IAV RNA. This high Ct cut-off was deemed necessary given the trace amounts of virus associated with wild reservoir species and the potential for inhibitors from the raw sample to reduce detection of virus during PCR.

Positive samples were inoculated into the allantoic cavity of 10-day-old embryonated chicken eggs (ECEs) (Charles River, CT, USA), and incubated at 37°C for 72 h. RNA was extracted from 50 μl of amnio-allantoic fluid (AAF) and screened for the IAV M gene as described above. Whole genome sequencing was attempted on RNA from IAV positive AAF (Ct ≤ 45) and RNA from positive raw samples with a Ct ≤ 37 at the J. Craig Venter Institute in Rockville, MD, as previously described (Nelson et al., 2007). Repeated passage of the positive AAFs was not successful in boosting the viral concentration, reflected by RT-PCR Ct values on passage AAF (data not shown).

Data was analyzed using JMP (JMP®, Version 14.0 SAS Institute Inc., Cary, NC, 1989–2007). Descriptive statistics were used to summarize influenza PCR status (prevalence, 95% confidence intervals) stratified by demographic variables (sex and age).

To group sampling locations that were in geographic proximity, K-mean clustering was performed using latitude and longitude. Data were partitioned from 1 to 20 clusters using an iterative fitting process and the cubic clustering criterion was used to determine the optimal number of partitions or “geoclusters” for the study. K-means clustering indicated that 6 independent geoclusters (Figure 1A) was the optimal number of partitions for characterizing the distribution of sampling locations. Mapping of the sampling locations was performed using QGIS 2.18 (qgis.org) and color coded according to geocluster (Figure 1A) and influenza infection status (Figure 1B).

A generalized linear model (GLM) was used to assess associations between sex (categorical: male/female), weight (continuous: grams), sampling month (ordinal: Jan, Feb, May, June, Jul, Aug, Sep, Dec), and geocluster (categorical: 1–6) with influenza status expressed as a dichotomous result (i.e., positive/negative). Categories of variables with fewer than 5 data points were excluded from analysis. For instance, month (May, Dec), geocluster 1, and rats of unknown age or sex were all excluded prior to performing GLMs. An information-theoretic approach (Akaike's Information Criterion [AIC]) was used to compare IAV status of rats under different a priori defined models relevant to the epidemiology of influenza transmission in wild animals.

To assess whether different specimen types (oronasal, paw, lung) had significantly different Ct values, data were analyzed using one-way ANOVA.



RESULTS

A total of 163 Norway rats were trapped over the course of this study. Eighty-three were female and 72 were male. The mean weight was 164.3 g and ranged from 25 to 525 g. Five rats were neither sexed nor weighed and three rats were weighed but not sexed, and the data was classified as missing; none of these rats were RT-PCR-positive for influenza. An exact binomial test showed that neither males nor females (p = 0.42) were trapped at a frequency greater than would be expected by chance alone.

Eighteen of 163 rats, 11.04% (±4.81% 95CI), had swabs or lung samples that were RT-PCR positive for IAV. Nine of 161 had positive oronasal swabs (5.59 ± 3.55% 95CI), and 9 of 161 had positive paw swabs (5.59 ± 3.55% 95CI). Two rats were positive in both oronasal and paw swabs (Table 1). Therefore, the recovery of viral RNA from oronasal and paw swabs was equivalent. Only two of 108, 1.85% (±2.54% 95CI), rat lung homogenates were RT-PCR-positive for IAV. Neither individual had positive oronasal or paw swabs (Table 1).



Table 1. Summary of real time-PCR-positive samples from rats.
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The mean Ct value for positive samples was 36.55 (range: 34.36–42.69, STD = 1.78). The mean oronasal swab Ct value was 36.22 (STD = 0.61). The mean paw swab Ct value was 37.19 (STD = 2.43), and the mean lung Ct value was 35.14 (STD = 1.11). Mean Ct values were not significantly different between the three sample types (p = 0.27). All Ct values were higher than positive controls, indicating low concentrations of virus in the samples or degradation of the original sample (Table 1).

Despite our efforts, we were only able to successfully culture one sample recovered from AAF (Table 1). This sample had a Ct value of 41.61 (raw Ct value of 35.21), but sequencing was unsuccessful. None of the raw samples with positive results from initial screening could be successfully sequenced, which precluded identification of the strain or subtype.

Analysis of demographic, morphometric, and spatiotemporal data of rats using GLMs indicated that a model based on month and geocluster provided the best fit for explaining the IAV-PCR status of rats (Table 2). Month (df = 5, p = 0.002) and geocluster (df = 4, p = 0.005) accounted for 0.782 and 0.173 of the main effect, respectively. The second top-ranked model included month, geocluster, and weight; however, examination of the contribution of weight to the model indicated only a weak effect (main effect = 0.001). Therefore, we determined that the top ranked model was the most parsimonious fit for the data. Weight (df = 1, p = 1.000) and sex (df = 1, p = 1.000) of rats were also assessed as model effects but contribute only weakly to explaining the variation in the IAV-PCR status of rats.



Table 2. Best-fitting models explaining influenza A virus status of urban rats.
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The effect of month on IAV status of rats indicated a seasonal signature of IAV circulation. The prevalence of IAV in rats was highest during December and January, followed by a decline over the course of the year, reaching its lowest prevalence in September (Figure 2A). The temporal changes in prevalence over the course of the study is presented (Table S1) as well as the associated odds ratios (Table S2).
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FIGURE 2. Prevalence of influenza A virus in rats according to (A) month of sampling (all months, including those eliminated from statistical analysis are shown), and (B) geocluster within the City of Boston. The total sampling effort is shown by the vertical bars. Prevalence is indicated by black marker and the number of positive rats is reported.



A large variation in prevalence was observed between geoclusters within the City of Boston, suggesting that incidence of IAV is spatially patchy (Figure 2B). Boston Public Garden and the surrounding area (geocluster 5) were underrepresented for IAV RT-PCR positive rats (Figures 1A, 2B), whereas the neighborhoods of Brighton (geocluster 6) and Chinatown/South Boston (geocluster 4) had a higher incidence of IAV RT-PCR positive rats (Figure 2B). Therefore, spatiotemporal factors appear to be more important in determining IAV prevalence, relative to sex and weight of rats.



DISCUSSION

The finding of IAV nucleic acid in urban Norway rats is of public health significance given the close physical proximity between humans and rats in urban environments. Rats are found in alleys, parks, subway systems, and even homes. Our study is among the first to provide evidence that rodents may play a role in the ecology of IAV in dense, urban environments.

The majority of previous studies of IAV in rodents have considered rats in rural areas following outbreaks in poultry or gamebirds and reported zero prevalence (Nettles et al., 1985; Shriner et al., 2012; Grear et al., 2016). However, lower densities of rats in rural environments may mean rats are less likely to have contact with other species, reducing the chances of infection. In the urban environment, rat populations occur at high concentrations, which may allow IAV to infect and spread within the population. Studies that have looked at rodent zoonotic pathogens in the urban environment have not reported IAV, and unbiased metagenomics studies of urban rats may have missed IAV due to the type of biospecimen analyzed, e.g., fecal pellets vs. oronasal swabs (Firth et al., 2014). We were unable to directly compare prevalence from fecal pellets and oronasal swabs, but detection of IAV from oronasal swabs in our study suggests this is an important site of the body to determine the presence of influenza in rats.

An influenza prevalence of 11.04% in the rats was unexpectedly high, given that wild rats had not been found to be PCR-positive for IAV before. This may or may not reflect the prevalence of IAV RT-PCR-positive rats across the entire city of Boston. Geographic clustering analyses revealed the Boston Public Garden and surrounding areas to be significantly underrepresented in terms of IAV RT-PCR-positive rats. While it is unknown why there were fewer IAV-positive rats in Boston Public Garden, the site is a public destination with widely dispersed waste receptacles and frequent garbage collection. Moreover, this site is not home to a permanent human population, which may limit rodent access to human waste and refuse, an important resource for rats in residential neighborhoods.

Rats are able to compensate for decreased resource density by expanding their home range (Harper and Rutherford, 2016). This phenomenon is seen in rural rats as well as those living closer to farm buildings that have significantly smaller home ranges than those living on the margins of fields (Lambert et al., 2008). Thus, it seems plausible that fewer rat interactions occur as a function of decreasing resource density, and thus fewer opportunities for transmission or mechanical vectoring of IAV may occur in public spaces relative to the residential areas of Boston. This finding is consistent with studies of rural rats that found no evidence of IAV infection and suggests that IAV prevalence in rats may be a density-dependent phenomenon (Nettles et al., 1985; Grear et al., 2016).

Sampling month was also found to be significantly associated with IAV in rats, with prevalence being highest in the winter months. Experimental studies indicate that influenza persists outside the host for longer periods at lower relative humidity and low temperatures relative to high temperatures (Weber and Stilianakis, 2008). The environmental degradation of the virus particle may be an important limiting factor in the circulation of airborne transmission typical of mammalian hosts (Pica and Bouvier, 2012). Owing to an uneven sampling effort in our study resulting in a low sample size for some months, the power of this association is unclear and may only be resolved with an enhanced study design that aims to sample rats consistently across all 12 months, rather than rely on convenience sampling.

The peak in influenza prevalence in winter observed in rats mimics the same seasonality of IAV in humans in temperate regions (Lofgren et al., 2007). However, without strain or subtype information, we cannot determine whether the seasonal pattern in rats is a reflection of endemic circulation, transmission from human sources (reverse zoonosis), or originates from other wild or domestic animals that occur in urban settings (birds, raccoons, pets, etc.). In support of the potential for reverse zoonosis, there is a growing body of literature that documents the transmission of human-origin pathogens in urban rats (Firth et al., 2014; Himsworth et al., 2015) and other peridomestic wildlife species such as skunks (Britton et al., 2010). In view of the increasing abundance of urban rodents, the incidence of zoonotic and reverse zoonotic transmission of IAV, as well as other pathogens, may become an important public health issue confronting cities.

Unfortunately, sequence data was not able to be obtained from IAV RT-PCR-positive rats in this study, likely due to very low viral titers in the original samples and degradation of viral genomes with repeated sample handling. The culturing of IAV from wild, non-avian hosts in embryonated chicken eggs (ECE) is a known challenge in the influenza field. Recent seasonal H3N2 viruses from humans have proven difficult to propagate in ECEs (Donis et al., 2014; Perez-Rubio and Eiros Bouza, 2018) and attempts to grow IAVs from marine mammals in ECEs are often unsuccessful (Puryear et al., 2016; Davis et al., in preparation). Propagation in chicken eggs depends upon the receptor binding affinity, fusion, and budding of the virus in ECEs, the concentration of virus, and the combination of both. While further passages in ECEs can result in viral isolation, using mammalian epithelial cell culture lines, such as MDCK cells, VERO cells, or in this case rat-derived epithelial cells may be beneficial in isolating and amplifying sufficient amounts of virus to be adequately sequenced (Donis et al., 2014; Perez-Rubio and Eiros Bouza, 2018). While it is unclear if rats are infected with IAV based exclusively on the molecular data presented here, the presence of viral nucleic acid in samples collected from the study population across field seasons and multiple swab sites is suggestive of replication within rats and transmission between conspecifics. Detection of viral RNA alone, however, is not conclusive evidence that the rats are truly infected. Rats may still be simply acting as mechanical vectors. This is supported by the fact that most IAV RT-PCR rats had either positive paw or oronasal swabs, but not both. Immunohistochemistry or immunofluorescence assays of infected tissue would support the role of rats acting as a host for the replication of influenza virus.

Isolation, culture, and sequencing of virus, or an unbiased metagenomics approach using oronasal or tracheal swabs, would be instrumental to learning more about the origin of these IAVs. It remains to be seen whether these viruses are rodent in origin and are endemic to rats, or if they are human in origin, picked up by rats living among urban waste. Lastly, the possibility exists that these viruses may be avian in origin given that the urban habitats where positive rats were detected are frequently shared with gulls, ducks, and pigeons. While viral sequences would be the best way to resolve this question, knowledge of rodent respiratory physiology may give us clues as to what IAV strains are most likely to affect rats. While the airway of rats has not been well characterized, the airway of mice has been (Ibricevic et al., 2006). In both human and mouse airways, α2,3-linked sialic acid receptors are found on ciliated cells and type 2 alveolar epithelial cells. These α2,3-linked sialic acid receptors preferentially bind avian IAV strains over human origin IAVs. However, unlike in humans where the α2,6-linked sialic acid receptor is expressed on both ciliated cells and goblet cells, mice have not been shown to express significant α2,6-linked sialic acid in their respiratory tract, which explains some of the difficulty in infecting mice with some human influenza strains. Assuming similar respiratory epithelial glycosylation in rats and mice, these findings suggest that the influenza strains infecting rats may not be the same as those affecting humans. Conversely, the fine detail of sialic acid linkages in the respiratory tract has proven increasingly complex, particularly with glycan array technology, and detailed mapping on rat epithelia is needed to make strong inferences about the ability of human influenza viruses to establish infection in rats in a wild setting.

The results of this study show that rats have been understudied as a potential reservoir for IAV, and that more work in this area is essential to understand the public health risks of rats and humans living at high density. To fully understand the role of rats in posing a health risk to humans or animals in an increasingly urbanized landscape, future studies should be directed at both isolating and sequencing the virus as well as larger-scale surveillance of rat populations in different urban centers.
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Two Old World rodents, house mice (Mus musculus) and Norway rats (Rattus norvegicus), were introduced into and established populations on every continent, save Antarctica. With their travels, they concomitantly introduced several zoonotic agents capable of causing human diseases. Two viruses—Lymphocytic choriomeningitis virus (LCMV; genus Arenavirus with mice) and Seoul virus (SEOV; genus Hantavirus with rats)—can cause chronic infections within their respective rodent hosts, resulting in persistent or life-long sporadic shedding of virus through secreta and excreta. Although the prevalence of infection within their wild rodent hosts can exceed 25% among mice infected with LCMV and 50% among rats infected with SEOV, acute human disease resulting from direct transmission from wild rodents is rarely reported even though both species live in close coexistence with humans. The usual “classic” zoonotic cycle of transmission from wild rodent reservoirs to humans now includes multiple unusual/unexpected routes. The largest described outbreaks of human disease caused by these viruses are linked to pet rodents. A novel reservoir host, the golden hamster, has supplanted house mice as the major source of LCMV infection, and SEOV outbreaks are linked to fancy rats kept as pets. Following LCMV, and to a lesser extent SEOV, outbreaks or infections associated with lab animals and/or cultured tissues derived from mice and hamsters have led to hundreds of cases of LCMV among laboratory workers, and SEOV has been detected among cell-cultured tissues. Additionally, LCMV is now a recognized source of severe congenital disease and is the unexpected source of severe and often fatal disease among solid organ recipients. Although the extensive usual and unusual routes of LCMV infection are exceptional there are many parallels with SEOV emergence.

Keywords: lymphocytic choriomeningitis virus, Seoul virus, Rattus norvegicus, Mus musculus, zoonotic disease


INTRODUCTION

The critical role of zoonoses in the emergence of new infectious diseases impacting humans and/or domestic animals has reached a level of near doctrine. Associated with this perspective has been an in-depth effort to study the dynamics of pathogens in reservoir populations with less focus on the significant role of the dynamics of the target (human or domestic animal) population in changing patterns of transmission. Previously, one of the authors emphasized the roles of adaptation and changes in social/behavioral activities that could qualitatively change risk patterns (Childs, 2004). However, relatively little focus continues to be paid to these factors.

As an example of what we believe is a critically understudied aspect of emerging diseases, we review the evolution of risk patterns from two viral rodent-borne zoonoses during the past 80 years. These agents, lymphocytic choriomeningitis virus (LCMV) and Seoul virus (SEOV), are among the earliest and best studied agents. Historically, the house mouse (Mus musculus) and the Norway rat (Rattus norvegicus) have been recognized as their reservoirs. Close contact with wild populations of these rodents has been viewed as the major risk factor for humans. During the past several decades, however, as research has progressed, a more nuanced understanding of how human activities have altered human risk has developed.

In this paper we outline the history of the discoveries of these agents, the diseases they cause, why they persist in their reservoir populations and how human activities and unforeseen events widened our understanding of the epidemiology of these viruses and the spectrum of people at risk for infection.



HISTORY OF LYMPHOCYTIC CHORIOMENINGITIS (LCM) AND LCM VIRUS (LCMV)

Lymphocytic choriomeningitis (LCM) was first described as a cause of aseptic meningitis among hospitalized patients in St. Louis, Missouri, USA, in the early 1930s (Armstrong and Lillie, 1934; Rivers and Scott, 1935). Although rarely reported as of 2018, LCMV was once a significant cause of aseptic meningitis. Hospital-based studies conducted from 1953 to 1958 identified LCM among 8% of cases of encephalitis among 713 hospitalized patients (Meyer et al., 1960). Infection, however does not always cause disease among humans, and clinical cases appear rare among the general population.

Lymphocytic choriomeningitis virus (LCMV) is a bi-segmented, negative sense RNA virus (Bishop and Auperin, 1987). The two gene segments are labeled L (7.5 kb) and S (3.5 kb). LCMV is the type species of the family Arenaviridae which includes Lassa, Junin, Machupo, and Sabia—the latter four viruses are closely related arenaviruses causing hemorrhagic disease among humans. Over the years, significant genetic heterogeneity and phenotype of clinical course have been shown to vary with different LCMV isolates. However, numerous LCMV variants can cause severe disease among humans (Amman et al., 2007; Emonet et al., 2007; Palacios et al., 2008) and significant genetic variation occurs among isolates (Albariño et al., 2010). LCMV has served as a model system for understanding the immunobiology of virus infections (Zhou et al., 2012), and in 1996 Nobel prizes were awarded to two individuals (Peter Doherty and Rolf Zinkernagel) who used LCMV as a model to enumerate the immunobiology of virus persistence and differential immune responses based on modes of transmission.

In humans acute disease is marked by fever, headache, myalgia and other non-specific signs and symptoms typical of many viral infections (Farmer and Janeway, 1942; Biggar et al., 1975a,b; Folk et al., 2011). LCM presents without the lymphopenia and thrombocytopenia characteristic of severe disease caused by closely related arenaviruses associated with hemorrhagic fever. In LCM cerebral fluid pleocytosis, choriomeningitis and other neurological signs and symptoms develop among some patients after an apparent remission of acute symptoms.

Acute LCM is not a mandated reportable disease and few cases are identified as of 2018. Without any doubt this infection and disease is significantly underestimated, in part because of limited facilities offering diagnostic testing (Barton et al., 1995; Barton and Hyndman, 2000).



DIAGNOSIS OF LCM

The most commonly used tests for identifying LCMV infections among humans and animals are serological assays that detect antibodies to the virus in serum and cerebral spinal fluid. The ELISA (enzyme-linked immunosorbent antibody test) is cheap to perform, and may be followed by a confirmatory immuno-fluorescent antibody test (IFA) or plaque reduction neutralization assay (PRNT), which is the gold standard of serological tests that distinguishes among different arenaviruses (Armstrong and Lillie, 1934; Rivers and Scott, 1935; Traub, 1936a; Wooley et al., 1939; Fischer et al., 2006; Becker et al., 2007; Takimoto et al., 2008; Knust et al., 2011). Currently, RT-PCR detection is available at specialty labs.

Antibody assays can detect both IgM (recent or ongoing infection) and IgG (infection at some time); a four-fold increase in IgG antibody titer between two sampling dates is diagnostic of recent infection. However, serum and intrathecal levels (measured in cerebral spinal fluid—CSF) of LCMV antibody are always low but in suspected cases, even a low titer of LCMV antibody aids the diagnosis (Sukthana, 2006). The neutralization test requires live virus and is available only in specialty labs because of the obvious risk of human exposure and infection among unsuitably protected lab personnel.

The incidence of infection among humans is unknown (Centers for Disease Control and Prevention, 2006). On-site diagnostic testing for LCMV infection is limited among laboratories serving acute care hospitals, as exemplified by a survey in which none of 30 such facilities contacted in Connecticut, United States, had the in-house means of testing. In the same survey most infectious disease doctors (28 responses out of 35 sent) would consider LCM in a differential diagnosis if there was a history of contact with wild mice or a healthy or sick pet rodent; only six would consider LCMV as a potential cause of unexplained fever in immunocompromised patients without an exposure history (Centers for Disease Control and Prevention, 2006).



EPIDEMIOLOGY OF LCM

The routes of LMCV transmission to humans are believed to include fine particle aerosols arising from infected secreta and excreta (saliva and urine most commonly), droplets, fomites (e.g., contaminated bedding of laboratory, commercial colonies or pet rodents), bites and contact with rodent blood. Exact routes of transmission of LCMV from mice to humans have not been evaluated—in part because large house mouse-associated outbreaks do not occur—but aerosol transmission is most probable.

LCMV infection acquired from pet rodents, notably the Syrian golden hamster (see sections below), provide significant evidence of aerosol, droplet, or fomite transmission of LCMV. In some of these occurrences multiple family members have become infected, some of whom reported no physical contact with the animal (Biggar et al., 1975a,b, 1977). Many laboratory infections of humans appear to be airborne (Armstrong et al., 1969; Vanzee et al., 1975; Hotchin et al., 1977). Sentinel guinea pigs housed in the same room but separated from infected mice show a high susceptibility to airborne infection and experimental studies have demonstrated high susceptibility of mice and guinea pigs to airborne exposure with LCMV (Benda, 1964).

LCMV presents little risk of infection to general populations. Various serologic tests indicate a prevalence of antibody of 1–5% of persons (Childs et al., 1991; Stephensen, 1992; Childs and Wilson, 1994; Knust et al., 2011), although it is unclear how many of these persons suffered from acute disease. It is likely that the prevalence of antibody would be greater among certain populations if surveyed. In some locations severe mouse infestations, and many LCMV-infected mice, are present in low-socioeconomic status (SES) urban locations containing substandard housing with inadequate sanitation and waste removal. The same features provide an excellent habitat for brown rats (R. norvegicus see sections on Seoul virus below: Figure 1A) (Childs et al., 1991, 1992). Early studies linking house mice to LCM often described heavy mouse infestations.
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FIGURE 1. (A) Multiple scenes from alleys in Baltimore, MD, from which rats were captured to elucidate the natural history of SEOV (dark arrows indicate sites of extensive rat burrows). House mice were captured from row houses fronting on the alleys to study the epidemiology of LCMV. Mice were never captured in alleys and few rats were captured within residences. (B) Map on left shows the layout of one square block of row houses surrounding an alley shown in (A). The shading indicates mouse-trap success, an index of population density, obtained over a three-year period. The table to the left shows the prevalence of antibodies to LCMV among house mice captured among several study sites, indicating clustering of infection within blocks. (C) The prevalence of antibodies among individuals visiting an STD clinic in Baltimore, of which many resided in low-SES neighborhoods likely to harbor extensive Norway rat populations. The prevalence of LCMV antibodies increases with age, but the lack of sufficient data on SEOV precluded any similar conclusions. (D) Endpoint titers of antibody-positive sera to LCMV or SEOV.



Immunocompromised individuals or children born with an in utero infection acquired from an acutely infected mother are at the highest risk of developing severe and fatal disease (see below).



ENTER THE HOUSE MOUSE (MUS MUSCULUS)

Shortly after the discovery of the disease, evidence rapidly accumulated implicating the house mouse as the reservoir host of LCMV transmitted to humans (Armstrong and Sweet, 1939) (see Figures 2A,B for an abbreviated timeline of some significant observations marking the history of LCMV). A year prior to the discovery of LCMV in wild house mice, laboratory colonies of albino mice were found infected. Additional research on these colonies elucidated the different phenology of vertically acquired (in utero) and horizontal intra-specific infection with regard to immunity, duration of virus persistence and shedding, and the pathological consequences of infection (the significance of vertical transmission is discussed below) (Traub, 1936a, 1938, 1939).
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FIGURE 2. Timelines documenting the history of major events in our understanding of the epidemiology maintenance and transmission of LCMV to humans; (A) from the discovery of LCMV (1930s) and its association with wild house mice through the discovery of human-to-human transmission causing severe congenital disease; (B) details of the emergence of a transcendent host for LCMV, the golden hamster, through the recognition of LCMV among recipients of solid organ transplants. These figures illustrate the development of both usual and unusual sources of LCMV infection among humans as discussed in detail in the text.



The widespread introduction and global colonization by the house mice (Long, 2003) suggest that LCMV could enjoy a cosmopolitan distribution, and some authors suggest this (Charrel and de Lamballerie, 2010). However, most studies indicate that the distribution of infected mice is patchy and tends to cluster as discussed below. There are four subspecies of the genus Mus but herein we refer to them collectively as house mice or M. musculus.

Most available LCMV isolates come from the United States and West-Central Europe (Albariño et al., 2010), but reports of infection and isolation of LCMV are confirmed from Argentina (Sabattini et al., 1970, 1974), Japan (Morita et al., 1991), and variants of LCMV based on RNA sequencing have been reported from Australia (Dandenong virus) and Africa (Kudoko virus) (Lecompte et al., 2007; Palacios et al., 2008). As of 2009, no clinical cases of LCM had been described from Southeast Asia (Kim et al., 2009).

Describing/discovering a zoonotic reservoir for agents pathogenic to humans and transmitted by inter-species contact is old. The association between rabies, dog bite, and human disease dates to at least the year 500 B.C. (Steele et al., 1991). However, the observation that laboratory mice, in addition to wild mice, were infected with LCMV was significant as disease outbreaks occurred among research personnel working or in contact with lab mice (Figure 2A). Additionally, these findings necessitated reconsideration of published scientific reports based on mouse models (potentially contaminated by LCMV) and raised serious concerns over the health and sanitation of lab mouse colonies and the risk of infection for research staff and suppliers. Even short periods, such as 30 min, of contact between infected and susceptible mice kept within the same cage was sufficient for transmission to occur (Skinner and Knight, 1973). The “natural” history of LCMV maintenance and transmission to humans included only the normal suspects, albino, and wild house mice at this juncture in what developed into a far more complicated and unusual history (Figure 2A).



OF MICE AND MONKEYS

Humans are not the only primates in which mice derived from breeding stock of commercial vendors were the source of infection and severe disease. In 1981, two outbreaks of infectious hepatitis of unknown origin were reported from zoos in the United Kingdom and United States affecting marmosets and tamarins (Family: Callithricidae)—New World primates of which several of the affected spp. are considered endangered (Montali et al., 1989). Between 1981 and 1989, 12 outbreaks were reported from different zoos in the USA and this new, unique and fatal disease was named Callithrichid hepatitis (Montali et al., 1989).

Follow-up studies showed that inoculations of liver homogenates from an ill monkey into three common marmosets produced severe disease within 10 days; all monkeys either required euthanasia or died from infection. Known viruses capable of causing hepatitis in non-human primates were ruled out and the etiologic agent was unidentified (Montali et al., 1989). In 1991, the causative agent was identified as LCMV (Stephensen et al., 1991) and one outbreak was linked to a point source involving perinatal mice (“pinkies”) fed to these monkeys as a supplemental source of animal protein (Montali et al., 1993). In the same study, two veterinarians who autopsied infected monkeys and one individual bitten by an infected monkey had seroconverted to LCMV.



EPIDEMIOLOGY OF LCMV AMONG HOUSE MICE

The prevalence of LCMV infection among wild mouse populations has been reported to range from 0 to 25% (Figures 1C,D) (Stephensen, 1992; Childs and Peters, 1993; Childs and Wilson, 1994; Becker et al., 2007; Knust et al., 2011; Williams et al., 2018). LCMV infection of house mice can be highly focal at both large and small scales (see Childs and Peters, 1993). In Baltimore, Maryland, United States, house mouse densities and LCMV infection varied extensively among connected row houses studied in a two-block area (Figure 1B). Prevalence of LCMV infection varied between 50 and ~100% among mice in some houses while neighboring residences had few or no infected mice—observations also obtained from other studies (Childs et al., 1992; Emonet et al., 2007). There was a significant association between mouse density (trap success) and prevalence of LCMV at different sampling sites, which could reflect density-dependent horizontal transmission or clustering of chronically infected mice and vertical transmission (Figure 1B) (Childs et al., 1992).

At regional scales the distribution of LCMV is patchy. From 1960 to 1962, in possibly the most intensive effort to map LCMV distribution among wild house mice, 1795 house mice were collected from 376 evenly spaced trapping sites in the Federal Republic of Germany. Although the overall prevalence of infection was 3%, all 65 LCMV-positive mice came from a subset of 44 trapping sites (Ackermann et al., 1964).

Due to this patchiness of LCMV infections among house mice, negative findings are important and further illuminate the spotty distribution of this virus. In New York City, New York, United States, highly sensitive genetic methods failed to identify any LCMV among 395 mice captured from several sites (Williams et al., 2018). However, human LCM occurs within the city (Asnis et al., 2010).

The focality of LCMV infections among mice in some settings may be due to the combination of congenital transmission LCMV among mice (Lehmann-Grube, 1963, 1971) and the demic structure of house mouse populations (e.g., Petras, 1967; Singleton, 1983). Urban mice have an extremely limited dispersal distance when occupying human structures, such as row houses (Baltimore) and apartments (New York) (it is greater among mice inhabiting agricultural settings) (Pocock et al., 2005). Genetic studies of house mice populations found that mice inhabiting adjacent houses were closely related but mice sampled from houses on different blocks were genetically distinguishable (Murphy et al., 2005).

Persistent chronic infection of mice results in in utero vertical transmission of LCMV to fetuses and surviving offspring so that infected mice never clear the virus. Infection prevalence among such progeny can approach 100% (Traub, 1936c; Lehmann-Grube, 1963, 1971). Most importantly for virus transmission to humans, persistently infected mice shed LCMV in their saliva and urine throughout their lives (Traub, 1936a,b; Barber et al., 2006), generating material that can lead to aerosol infection within infested households. Infected laboratory mice appear to suffer no ill effects from their infection. However, tolerance of persistent LCMV infection is not absolute as deposits of antibody-virus complexes in the kidneys of older lab mice can lead to severe glomerulonephritis as antigen-antibody complexes accumulate in kidneys (see Buchmeier et al., 1980). This occurrence has not been shown among wild house mice, which probably do not live long enough to suffer from this late-onset complication.

House mice born from an uninfected dam can be infected later in life by horizontal transmission routes. These individuals develop antibodies, clear their infections and are believed not to become chronic shedders of LCMV, although demonstration of this phenomenon has not been confirmed by longitudinal study of wild mice.

Although viruses have evolved multiple mechanisms to escape the host immune system, of relevance to this review are the mechanisms viruses use to suppress antiviral defenses. The most well-established model system is LCMV infection of house mice. The Armstrong strain of LCMV is readily cleared from immunocompetent adult mice; conversely, LCMV Clone 13 differs from Armstrong (i.e., the parental strain) by 2 amino acid positions and causes persistent infection in adult mice (Salvato et al., 1988, 1991; Ahmed et al., 1991). Persistence of LCMV Clone 13 is associated with functional impairment (often referred to as “exhaustion”) and deletion of virus-specific CD8+ T cells, increased production of IL-10, and induction of programmed death (PD)-1 activity (Moskophidis et al., 1993; Barber et al., 2006; Ejrnaes et al., 2006). Blocking the IL-10R or PD-1/PD-L1 pathways promotes LCMV clearance (Barber et al., 2006; Brooks et al., 2006; Ejrnaes et al., 2006; Maris et al., 2007). The exhaustion phenotype of CD8+ T cells during persistent LCMV infection is mediated by Treg cells because depletion of Treg cells increases the expansion of LCMV-specific CD8+ T cells, but has no effect on virus persistence (Penaloza-MacMaster et al., 2014).



OTHER WILD RODENT HOSTS

Other sylvatic rodents have been shown to be infected with LCMV. Species of Apodemus infected with LCMV in Europe were identified as early as the 1950s and continue to be found to the present (Figure 2A; for descriptions of early findings see (Lehmann-Grube, 1971, 1984). Exposure to Apodemus mice and cases of LCM among humans have not been conclusively identified.



BACK TO THE RESEARCH LABORATORY

The next chapter in the unusual history of LVMC began in the 1940s−1950s, when scientific investigators identified LCMV among transplantable mouse tumors and laboratory cell lines—including a line used for growing rabies virus for vaccines (Figure 2A: see Hotchin, 1971; Hotchin et al., 1977 for review). Clearly this unanticipated route of human exposure was not one of the usual routes of transmission thought previously to be restricted to contact with living rodents (Figure 1A). Additionally, in 1992 LCMV laboratory personnel working with nude mice were shown to be LCMV-positive by serology (Dykewicz et al., 1992).

Within a year, other observations indicated that infected and infectious cell cultures derived from an additional species, the Syrian or golden hamster (Mesocricetus auratus), were responsible for human laboratory infections (Figure 2A) (Lewis et al., 1965; Hotchin, 1971). But not only cell cultures were incriminated, as over the course of 2 years, 1971–1973, 48 staff members of the University of Rochester Medical Center were sickened by LCM acquired by working directly with hamsters (Figure 2A, unusual because the first infections arising from hamsters came from cultured bits rather than the whole animal (Vanzee et al., 1975; Hotchin et al., 1977).

These findings were alarming enough but the public health problem was quickly shown to extend beyond sporadic reports of infection/disease in laboratorians. Reports of pet hamster-associated LCM were identified in the early 1970s when 47 cases from pet hamsters were reported over 2 years in Germany (Figure 2B) (Ackermann et al., 1972). Within 3 years, 1973–1975, serological and clinical studies identified pet hamster-associated LCM among 181 persons living in 12 states in the United States. Many of these cases were identified through a national alert issued by the CDC after investigating an initial cluster of cases among pet owners (summarized within Gregg, 1975). Other reports continued to surface over years from a number of countries.

These findings heralded in the highly unusual emergence of a secondary host for LCMV that was associated closely with humans as a laboratory animal and household pet (Skinner et al., 1976). Most significantly, the size of outbreaks associated with hamsters dwarfs outbreaks and sporadic occurrences of LCM associated with mice by many fold. A novel reservoir host had supplanted the natural house mouse reservoir as the major link to human infection and disease, transforming itself from its status of “not the usual suspect” to one of “the usual suspects.”



A BRIEF NATURAL HISTORY OF HAMSTERS

Hamsters are native to much of Europe and Asia (Wilson and Reeder, 2005). Of the over 20 spp. of hamsters, only five are kept as pets with the most popular being the golden hamster. As with the house mouse they are introduced species to the New World, although their introduction was intentional.

The first lab colony of golden hamsters was derived from wild-caught animals in ~1930 and housed at Hebrew University, Jerusalem. From this initial colony these readily domesticated animals made their way into many research settings, including the United States, after the first established commercial breeding facilities appeared in the 1940s (Adler, 1948). Almost simultaneously, hamsters were marketed as adorable household pets. Based on a survey conducted by the American Veterinary Association in 2012, the number of households in the United States owning a pet hamster was estimated at 877,000, with 1,146,000 individuals owned (American Veterinary Medical Association, 2012).



ENTER HUMAN-TO-HUMAN TRANSMISSION

Of major significance to human health are two other twists in LCMV's mechanisms of transmission to humans associated with severe and fatal disease. Unlike many of the arenaviruses causing hemorrhagic fevers, LCMV had not been shown to be transmitted from human to human. Acquired LCMV infection from contact with a reservoir, including cultured cells, rarely causes human severe disease or fatalities; however, the discovery of in utero infection of the fetus from Europe beginning in 1974 changed this perception (Figure 2B) (Ackermann et al., 1972). This was a clear and unusual departure from previously described transmission routes (Figure 2A). When acute infection of pregnancy occurs during the first trimester of pregnancy, symptomatic in utero and/or perinatal infection results in significant neurological disease, such as hydrocephalus, microcephaly, hydrops fetalis, and choriomeningitis. Surviving young suffer from permanent sequelae. This significant development in the changing epidemiology of LCM was not described until almost 20 years later in 1990s in the United States (van den Pol, 2006; Bonthius and Perlman, 2007; Kang and McGavern, 2008; Meritet et al., 2009).

Pregnant women rarely show any indication of acute LCM. Presumably, their immunosuppressed state predisposes them to acute infection which can then be transmitted to the fetus. Support for this observation comes from reports of infection and severe and often fatal disease among other immunosuppressed persons, such as organ recipients (see below) (Table 1). That this virus is an important, but underestimated, cause of fetal infection is likely accurate as diagnostic testing is restricted. However, only 58+ incidents of congenital LCM have been reported up to 2010, and the TORCH agents are ascribed to most cases.



Table 1. Six clusters of solid organ-associated LCMV infection; five from the United States and one from Australia.
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Many authors now refer to LCM as an “emerging disease” or “re-emerging disease” (Armstrong and Sweet, 1939; Barton et al., 2002; Fischer et al., 2006; Jamieson et al., 2006; Asnis et al., 2010; Barton, 2010). In the case of LCMV, most of the emerging was due to recognition of congenital disease rather than an increase in infection/disease among the general public.



ANOTHER NOVEL AND DISTURBING DEVELOPMENT

In 2003 and again in 2005, the medical community was taken by surprise by the identification of severe and most often fatal LCM among transplant patients (Table 1; Figure 1B) [see Perspective (Peters, 2006) for additional comments about the evolution of LCMV transmission to humans]. Not only was this heretofore undiscovered transmission route of epidemiologic importance, it was a clear demonstration that LCM goes undiagnosed in acute disease or infection and is certainly significantly underestimated. Donors had to be acutely infected as, unlike in mice, the virus does not persist. Thus, the organ donor became a new transmission source and a very unusual suspect.

In total, five clusters of LCM derived from donors in the United States have resulted in recipients with 21 cases and 15 deaths (Table 1). One survivor suffered severe neurological sequelae (Mathur et al., 2017). An additional cluster of donor-derived LCM was discovered in Australia in 2008 when three solid organ recipients died of LCM (Table 1). The LCMV typed by genetic analyses in Australia was a variant previously undocumented. Australia had been reported clear of LCMV up until this discovery (Palacios et al., 2008). How most organ donors acquired their LCMV infection is undetermined. However, in 2005, LCM in four recipients (two died) was traced to transmission from an organ donor who kept golden hamsters as pets. These animals were purchased from a major supplier of hamsters. Traceback studies identified infected hamsters within the store from which the animal originated as well as the distribution and commercial breeding location.



HOW RARE IS ORGAN TRANSPLANT-ASSOCIATED LCM?

In 2017 there were 19,484 kidney, 8,082 liver, and 2,449 lung transplants performed in the USA—the solid organs responsible for LCMV infections resulting from infected donors (Table 1) (https://www.organdonor.gov/statistics-stories/statistics.html).

Risk of LCMV among organ recipients is low. As individual hospitals and organizations procure and provide donor organs, there are an unstandardized variety of tests performed on tissues. Recommendations for live donor pathogen screening by the Organ Procurement and Transplantation Network do not include testing for LCMV (Rosen and Ison, 2017).

These alarming occurrences further confirm that the once usual and originally described source of LCMV transmission to humans through contact with the introduced house mouse has been supplanted by contact with another non-native rodent species, the hamster.



CONTROL OF LCMV AND PREVENTION OF LCM

Against the usual suspect, the house mouse, the most effective methods to reduce the risk of human infection with LCMV are to employ traditional and, less rarely implemented but most effective, integrated pest management, to control and prevent transmission from the usual suspects. These combine rodent elimination through trapping and poisoning, sound construction procedures or remediation as needed, and reduced access to human-generated food resources through sanitary efforts (Childs and Wilson, 1994; Centers for Disease Control and Prevention, 2005), and are essentially the same measures for reducing SEOV exposure and disease (see sections below).

Controlling exposure to LCMV from laboratory animals and derived cell cultures requires barrier breeding, periodic testing of rodent colonies and cultures of derived tissues, prevention of wild mouse ingression and culling of any colony shown to be infected, as the role of wild mice in infecting laboratory colonies has been well-established for decades (Figure 2B) (see Skinner et al., 1977 for review) (https://www.criver.com/sites/default/files/resources/LymphocyticChoriomeningitisVirusTechnicalSheet.pdf).

In addition to testing samples derived from colonies of mice, sampling of rodent bedding has been suggested as a means of surveillance. However, in one significant case, testing of material failed to identify LCMV contamination of lab mice, which was revealed only after embryo transplants, which also demonstrated a failure of caesarian delivery to control spread (Ike et al., 2007).

Control of LCMV among hamsters requires radically different approaches when animals are destined for the pet trade. Studies have shown control to be problematic even when recommendations (sealing buildings from wild mice entry, regular veterinary inspections, monitoring for zoonotic infections, culling of animals, etc.) to reduce infection among breeding and distribution centers exist—although they are not always strictly adhered to or followed (Amman et al., 2007). As of 2018, the risk of human infection with LCMV among persons working in breeder facilities is still substantial. In one study, 32% (N = 97) of workers had antibodies to LCMV and LCM was diagnosed among four persons (Knust et al., 2014). Of over 1,800 mice tested, the prevalence of LCMV infection was >20% and RT-PCR identified currently infected mice. Complete culling of colonies was implemented.

Although a rare phenomenon, the problems associated with preventing LCMV transmission through solid organ transplant are formidable. The organizations providing organs have different operational standards for screening donors and none screen for LCMV infection (MacNeil et al., 2012). Additionally, screening is unlikely as it is not considered cost effective. New occurrences of transplant-associated LCM will continue to occur, although rarely (this also applies to other viruses shown to cause solid organ transplant-associated encephalitis, including West Nile virus and rabies virus).

Some suggestions for screening donors for history of contact with wild or pet rodents have been made, but given the backlog of waiting recipients and pressure to obtain organs, the effectiveness of such efforts will be difficult to assess (MacNeil et al., 2012). Screening of possibly rejected donors for LCMV infection would be a necessary component to such a measure, and in past investigations (Fischer et al., 2006; Fischer, 2008) most donors showed no evidence of acute LCMV infection and were only demonstrated to be infected after the fact.



LCM CONCLUSIONS

The original concept of the zoonotic cycle leading to human LCM was through contact with wild mice and inhalation of their aerosolized excreta/secreta. From the 1930s onward, it was well-recognized that LCMV was maintained among mice by vertical and horizontal transmission among mouse populations (Figure 2A). The first twist in this traditional cycle was when LCM outbreaks were linked to lab colonies of mice maintained in research institutes. Almost concurrently, it was shown that the whole mouse was not required for the maintenance of LCMV, but contact with cell cultures—particularly those of transplantable tumors—was sufficient to result in substantial outbreaks among scientists and other personnel working in research settings.

Within a few years, LCMV infection derived from lab and pet hamsters dwarfed the number of traditional recognized infections acquired from wild mice. The hamster, once not a usual suspect, supplanted the mouse as the major link to human infection and disease—transforming itself into “the usual suspect.” Through natural maintenance among wild mice, the ongoing risk of laboratory infections, LCMV's association with hamsters—laboratory and pet—and the ongoing phenomenon of human-to-human transmission, the public health significance of LCM has an assured future.



SEOUL VIRUS (SEOV) IN RATTUS NORVEGICUS

There are numerous parallels in the history of Seoul virus (SEOV) recognition and discovery of host and disease consequences with that described for LCMV. The disease caused by SEOV is similar to, but less severe than and more rarely identified as, that caused by other members of the genus Hantavirus. The characterization of hantaviral disease as a unique clinical syndrome across Eurasia preceded the identification and culture of the agent by several decades.

The earliest modern clinical descriptions of hantaviral disease were from the undeclared Soviet-Japanese border conflict (Battles of Khalkhyn Gol) in 1939 (Ishii, 1942; Kitano, 1944a,b; Smorodintsev et al., 1944, 1959) (Figure 3). Epidemiologic investigations of outbreaks among combatants led both sides to conclude that a zoonotic virus was responsible. Although neither group isolated the agent, the Soviets identified the likely reservoir as a species of the genus Myodes, while the Japanese indicated that Apodemus was the likely source (Smorodintsev et al., 1959; Traub and Wisseman, 1978). The “rediscovery” of the syndrome occurred during the United Nations action in Korea during the early 1950s, when a disease with a matching presentation was reported among several thousand troops (Traub and Wisseman, 1978). As in prior studies, epidemiologic investigations suggested a rodent-borne zoonotic virus as the likely cause of what was referred to as “Korean hemorrhagic fever” (KHF). The means of virus transmission were not known at this time and some investigations centered around identifying a possible arthropod vector.
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FIGURE 3. (A) Time lines documenting the history of major events in our understanding of Old World hantaviruses causing HFRS, focusing on SEOV isolated from Rattus spp.; from the discovery of a new clinical entity (HFRS) to the identification of virus maintenance among rodents and the taxonomic designation of hantaviruses with the family Bunyaviridae; (B) details of our understanding of the epidemiology, maintenance, immunobiology, and transmission of SEOV to humans and the increase in recognized SEOV cases associated with ownership of pet rats.



Roughly two decades later, Lee and colleagues (Lee et al., 1978) demonstrated viral antigen in the lungs of Apodemus agrarius using convalescent-stage human sera in an indirect immunofluorescent antibody assay (IFA). The subsequently isolated virus was named Hantaan virus after a river in South Korea, in keeping with place designations for proximate locations where zoonotic and arboviruses are first isolated.

Shortly after Lee's development of serological tests he identified a case of disease in an urban maintenance worker whose history was notable for having killed a rat (genus Rattus). Apodemus spp. are largely absent from most city environments and Lee, and colleagues focused on R. norvegicus and the black rat (Rattus rattus) and isolated a second Hantavirus, SEOV, from these species (Lee et al., 1982). This led to international concern that SEOV might have become or would become globally disseminated along with the introduced and cosmopolitan synanthropic Rattus spp. Studies to address these possibilities revealed the worst-case scenario; Norway rats infected with SEOV were found on nearly every continent (LeDuc et al., 1986). Spillover infections to other rodents were not observed and the genus Rattus was presumed to be the reservoir host (Korch et al., 1989). Hereafter we mainly focus on the Norway rat's role in the maintenance and transmission of SEOV.



CHARACTERISTICS OF HANTAVIRUSES

SEOV is a negative-sense single-stranded RNA virus that is tri-segmented (McAllister and Jonsson, 2014). The three gene segments are identified as L, M, and S. The S segment codes for the nucleocapsid protein, while the M segment codes for two glycoproteins (Gn and Gc). The L segment encodes the RNA-dependent RNA polymerase (McAllister and Jonsson, 2014). Hantaan virus represents the type species of the family Bunyaviridae while SEOV is likely among the most widely distributed member of the group. For an extended period of time, hantaviruses were presumed restricted to three major rodent groups. The exception was the description of amplification of Thottapalayam virus using RT-PCR against a targeted region in the S-segment of other hantaviruses (Arthur et al., 1992). The virus was isolated from the Asian house shrew (Suncus murinus)—an insectivore. More recently, identification of other hantaviruses from additional insectivore species and bats suggests a more complex and diverse characterization of this group (Klempa, 2018).



HUMAN INFECTION AND DISEASE

SEOV infection in humans presents as hemorrhagic nephroso-nephritis or hemorrhagic fever with renal syndrome (HFRS; Smorodintsev et al., 1944). As with the other Old World hantaviruses, the name emphasized the hemorrhagic and renal aspects of infection, rather than the cardiac and pulmonary components of New World viruses, described in the early 1990s with the discovery of Sin Nombre virus (SNV) in the Southwestern United States (Nichol et al., 1993).

The course of severe HFRS has been divided into four stages; a prodromal with non-specific characteristics of fever, aches, chills, and often accompanied by headache; a hypotensive phase marked by thrombocytopenia and hypoxemia occurring 3–7 days after initial onset; a hypertensive stage with renal dysregulation and pronounced oliguria or anuria; and a convalescence phase with spontaneous return of renal function, often associated with polyuria and hypotension. Survivors often experience a protracted convalescence of weeks/months. Most deaths occur during phase three (Smadel, 1953; Traub and Wisseman, 1978).



DIAGNOSIS OF SEOV

Human immune responses to infection are marked (as with rats) with IgM and IgG antibody responses usually beginning 1–2 weeks after infection (Lee and Johnson, 1982). The presence of both IgM and IgG antibodies or a four-fold rise in IgG antibody titers are considered diagnostic of acute infection (LeDuc et al., 1990; Mattar et al., 2015). Detectable IgG persists for extended times (Mattar et al., 2015) so that IgG in the absence of IgM is considered evidence of previous infection.

Many of the early efforts for discovery and diagnosis of hantaviral infections used thin sections of fixed infected tissues (often lung) obtained from naturally infected wild rodents or from intentionally infected lab animals as the antigen for screening sera for antibodies. Application of a fluorescent-tagged secondary antibody resulted in a highly specific and sensitive test—the indirect immunofluorescent antibody assay, or IFA. These methods were used to diagnose human infections and to document seroconversion and antibody dynamics in experimentally infected rats and other species (Lee et al., 1978, 1982). With the successful isolation of Hantaan virus and its adaptation to tissue culture, infected Vero E-6 cells fixed to slides became the standard substrate for IFA tests (Lee et al., 1978). Later enzyme-linked immunosorbent assays (ELISA) and Western blots (and variants) were developed and used for screening and identifying important immunologically active proteins (Schmaljohn et al., 1990).

However, plaque reduction neutralization tests (PRNT) are considered the gold standard of serological tests as they measure the function rather than simply the binding of antibodies. PRNT also allows differentiation of various hantaviruses potentially causing the infection through comparison of end-point titers.

In the 1990s, reverse transcriptase polymerase chain reaction (RT-PCR) was first applied to the S segment of hantaviruses and demonstrated the utility of the technique for virus detection and differentiation by amplicon size (Arthur et al., 1992). This development allowed direct identification of SEOV and other hantaviral RNA in tissues. With the advent of sequencing technology with RT-PCR, it was demonstrated that amplicon sequences varied sufficiently among humans and rodent reservoir hosts that fine scale heterogeneities could be used to determine geographic sites of infection. This ability was dramatically highlighted by studies elucidating the cause and epidemiology of hantavirus pulmonary syndrome (HPS) caused by Peromyscus-associated SNV in the Southwestern United States in 1993 (Nichol et al., 1993).



EPIDEMIOLOGY OF SEOV ASSOCIATED WITH WILD RATS

In humans, infection with SEOV reflects the extent to which individuals contact infectious rats, although transmission from wild rats is rare. This includes urban locations where high-density populations of humans living in low SES neighborhoods, lacking amenities such as routine garbage removal (Figures 1A,C,D), are frequently exposed to rats and the prevalence of SEOV infection among adult animals often exceeds 50% (see section below). As with other hantaviruses, risk of exposure and infection is defined by the characteristics of the human population, the environment features conducive to supporting rat populations and interactions capturing them in time and space. The usual route of SEOV transmission from wild rats to humans is presumed by aerosols of dried excreta/secreta.

Researchers speculate on drivers contributing to the rarity of diagnosed cases, but few studies have attempted to untangle the many possible factors. Although biological and/or environmental barriers presumably preclude ready transmission and infection of humans with SEOV, physician awareness of this rare disease is negligible and public health surveillance nonexistent. Acute illness caused by SEOV, like LCMV, does not have a unique presentation and signs and symptoms are consistent with a wide range of diseases (Glass et al., 1994). As with LCM, specialized testing laboratories are unavailable at most point-of-entry hospitals and ascribing etiologic cause to agents like these is a rarity.

The rarity of infection is exemplified by a serosurvey of more than 1,100 individuals visiting a STD clinic in inner city Baltimore, Maryland, United States, where only four individuals had antibodies to SEOV (diagnosed by IFA and confirmed by PRNT; Figure 1D; Childs and Glass, 1988; Childs et al., 1988a, 1991). During interviews, all four individuals (prior to knowing their exposure status) volunteered that part of their daily home maintenance was to sweep rat feces from the paved areas of their properties. Cleaning activities involving sweeping up rodent feces are a common risk factor for acquiring hantaviral infection, presumably due to large or small particle aerosols.

When focusing longitudinal serosurveys of special populations exhibiting signs suggestive of possible current or past SEOV infection (e.g., renal dysfunction measured by high levels of proteinuria or requiring dialysis), three acutely infected individuals were identified based on a four-fold rise in PRNT titers. Two of the three had primary symptoms consistent with HFRS, including striking renal insufficiency and shock (Glass et al., 1994). This suggests there is some background level of ongoing transmission by the usual routes to human populations from wild rats even in the absence of recognized threat.



SEOV PREVALENCE, MAINTENANCE, AND TRANSMISSION AMONG NORWAY RATS

Surveys for evidence of SEOV in wild Norway rats show substantial variation in prevalence. Even in the earliest studies (LeDuc et al., 1986), there was striking geographic variation. These surveys showed prevalence ranging from single digits, in various African cities, to 20–40% in Asian and Australian cities. In North America, most urban areas showed prevalence between these ranges, except for cities in California (United States), where infection was not reported, and Baltimore, where it reached the global extreme. This led to a series of studies in that city to better characterize the maintenance of the virus in the rodent host and suggested additional reasons why prevalence could appear to vary widely in wild rat populations.

One of the first observations was the non-monotonic change in antibody prevalence with age (size) in the rats. An initially high, but rapidly decreasing, prevalence of anti-SEOV antibody among the smallest wild-caught Norway rats was identified as due to maternal antibody (Figure 4). As maternally-derived antibodies waned, reaching a nadir just prior to the onset of sexual maturity, juvenile and sub-adult rats (based on sexual maturity and body mass determinations) were infected by SEOV through horizontal transmission routes (detailed below), producing a characteristic “J-shaped” distribution from cross-sectional sampling (Figure 3; Childs et al., 1987a, 1988b).
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FIGURE 4. Cross-sectional patterns of antibody and RT-PCR prevalence to SEOV among 485 wild Norway rats sampled from Baltimore, MD. The prevalence of antibody titers and RT-PCR prevalence decline among juvenile rats before rising steadily among adult rats (details are discussed in the text).



This phenomenon of maternal antibody-derived protection of neonates challenged with SEOV is reproducible in lab-reared rats, where immunity lasts for 4–6 weeks (Zhang et al., 1988). An additional finding corroborating the protective effects of maternally-derived IgG is the near absence of viral RNA detected by RT-PCR in rats (Figure 4). In larger/older rats, the prevalence of infection, as measured both by viral RNA detected by RT-PCR and serology, can increase until most rats show evidence of infection—~80% in Baltimore, which appears to be a hyper-endemic area (LeDuc et al., 1986; Childs et al., 1987b; Glass et al., 1988).

SEOV infection in rats results in persistent infection, even in the presence of high levels of IFA and neutralizing antibodies. Initial isolation efforts are most often successful by targeting individuals with high antibody titers (Childs et al., 1987b) as opposed to LCMV, where horizontally infected mice clear the virus and seroconvert (see LCMV sections above). SEOV infection among wild rats causes no obvious overt disease and survivorship, fecundity, and fertility are unaffected among wild R. norvegicus (Lee et al., 1986; Childs et al., 1989).

In experimental systems, however, neonates born to uninfected dams and then infected with SEOV prior to seven days of age develop a progressive severe clinical course characterized by weight loss, ruffled fur, ataxia, limb paralysis, convulsions, and death, most often within 35 days (Zhang et al., 1988). These observations stand in stark contrast to the protective effect of maternal antibody in protecting neonates from pathogenic effects (Zhang et al., 1988; Dohmae and Nishimune, 1995).



IMMUNOBIOLOGY OF SEOV PERSISTENCE IN NORWAY RATS

The existing dogma states that hantaviral infection alone did not cause overt disease in rats (or other reservoir hosts for different hantaviruses) except under experimental conditions described above (Yanagihara et al., 1985; Lee et al., 1986; Hutchinson et al., 1998; Botten et al., 2000; Wahl-Jensen et al., 2007; Eyzaguirre et al., 2008). How rats and other rodents infected with hantaviruses avoid the deleterious effects are not well understood. Recently, advances have been made in elucidating the basis for the persistence of SEOV within rats in the face of robust humoral immune responses.

Persistence is driven by the upregulation of regulatory responses and downregulation of proinflammatory responses. SEOV preferentially replicates in rat lungs (Khaiboullina and St. Jeor, 2002), where the virus is found both in alveolar macrophages (AMs) and endothelial cells. This may polarize CD4+ T cell differentiation toward a regulatory T (Treg) cell phenotype. In vitro, viral infection increases immunological tolerance by promoting transforming growth factor beta (Tgfβ) mRNA in AMs and programmed cell death 1 ligand 1 (PD-L1) in lung microvascular endothelial cells (LMVECs). SEOV-infected LMVECs, but not AMs, induce increased expression of Foxp3 expression (the transcriptional factor in Treg cells) and Treg cell frequency in allogeneic CD4+ T cells (Li and Klein, 2012). In vivo, elevated regulatory responses include TGF-β1 and numbers of CD4+CD25+FoxP3+ Treg cells in the lungs. This is associated with persistence of SEOV (Easterbrook et al., 2007a; Schountz et al., 2007; Easterbrook and Klein, 2008a).

In addition to the regulatory responses, activity along the type I interferon (IFN) pathway and proinflammatory cytokines (e.g., IL-1β, IL-6, TNF-α, and IFN-γ) remain at or below baseline throughout SEOV infection in the lungs of male, but not female, Norway rats (Klein et al., 2004a; Easterbrook and Klein, 2008a; Hannah et al., 2008). Conversely, in the spleen, proinflammatory, and antiviral responses are elevated during acute SEOV infection in both sexes (Easterbrook and Klein, 2008a). Infection of bone marrow-derived macrophages (BMDMs) with SEOV suppresses NF-κB-mediated inflammatory responses, including TNF-α, IL-6, and IL-10, and surface marker expression (i.e., MHCII, CD80, and CD86), suggesting SEOV infection suppresses the innate immune response in antigen-presenting cells (Au et al., 2010).

These pathways suggest a reason for the observed sex difference in infection prevalence, with males having a higher likelihood of infection than females (Glass et al., 1998; Bernshtein et al., 1999; Hinson et al., 2004; Klein et al., 2004b); (Douglass et al., 2007). Males have more SEOV RNA and antigen in target organs and saliva (i.e., vehicle for virus shedding) than do females (Klein et al., 2001; Hannah et al., 2008). In the laboratory, removal of the testes in males to reduce androgen levels also reduces SEOV loads, whereas removal of the ovaries in females increases SEOV RNA loads (Hannah et al., 2008). The expression of innate antiviral (e.g., Tlr7, Myd88, Rig-I, Visa, Ifnβ, and Mx2) and proinflammatory (e.g., Tnfα and Ccl5) factors is higher in the lungs of gonad intact females rats than in males (Klein et al., 2002, 2004a; Easterbrook and Klein, 2008b; Hannah et al., 2008), suggesting that this contributes to reduced viral loads in females compared to males. Conversely, the expression and production of regulatory factors, including Foxp3 and TGF-β, are elevated in the lungs of males compared to females (Easterbrook and Klein, 2008b). This suggests that sex differences in immune responses during hantavirus infection may be driven by estradiol in females and testosterone in males, as gonadectomy reverses these differences (Klein et al., 2004a; Hannah et al., 2008). It is plausible that reduced innate and proinflammatory defenses and elevated regulatory responses combined with an increased propensity to engage in aggression may contribute to increased maintenance and transmission of hantaviruses among male as opposed to among female rodents.



THE USUAL AND UNUSUAL ROUTES OF HUMAN EXPOSURE TO SEOV

Human exposure to SEOV requires contact with infectious materials from R. norvegicus. As the virus is excreted in feces, urine and secreted in saliva (Klein et al., 2000), direct contact with the animal itself is not needed. The first documentation of hantavirus transmission by the indirect aerosol route was described among Soviet laboratory workers, facility cleaners and secretaries who were infected, often without any near contact with a colony of A. agrarius (Nuzum et al., 1988).

The low prevalence of antibodies among urban residents with putatively high levels of exposure to infected rats indicates there is a significant barrier to cross-species transmission. Whether this barrier(s) is driven by cultural, social, biological, or environmental factors (or more likely a combination of these) is not known.



ENTER LABORATORY AND PET RATS

A twist in the risk of SEOV exposure involved a category of interactions with R. norvegicus where the intent of humans is to interact with the animals themselves (Figure 3B). As with LCMV, these at-risk groups are exposed to potentially infectious animals through occupation (research settings) or avocation (pet owners). These interactions with rats are outside the realm of usual interactions with wild Norway rats.

The risk of human exposure and infection among laboratory researchers and individuals working in breeding facilities with Norway rats was foreshadowed by the outbreaks among research labs housing Apodemus spp. (detailed above). HFRS outbreaks associated with SEOV first occurred among personnel working with lab rats in Korea and Japan (of note, these occurrences also provided some additional evidence that an arthropod vector was not necessary for SEOV transmission) (Umenai et al., 1979; Lee and Johnson, 1982; Kawamata et al., 1987). Subsequent outbreaks of SEOV-associated disease among laboratory staff in Europe (Desmyter et al., 1983; Lloyd et al., 1984) confirmed that unapparent infections among laboratory stocks of Rattus were not isolated events and posed a significant health threat, and remedial actions were instituted. One important step to prevent maintenance of SEOV in the laboratory was to adopt caesarian delivery and cross-fostering of pups to known uninfected dams (Figure 3B) (McKenna et al., 1992).

In parallel with the unfolding history of LCMV, SEOV was also identified in hybridomas of rat tissues in research laboratories (Figures 2A, 3A). Once again, it became apparent that the intact reservoir rodent was not required for viral persistence. Upon retrospective analyses, cell lines were shown to remain persistently infected in excess of 8–10 years, indicating the past and ongoing health risk to laboratory personnel and the specter of contamination of other cell lines, as occurred when LCMV was present in cell cultures producing rabies vaccine (see LCMV sections above) (Lloyd and Jones, 1986). Once serological diagnostic tests became commonplace, extensive infection among cell lines was eliminated by destroying contaminated cell lines and culling infected rats in research and commercial settings to reduce recurrent reinfection.

Although contamination and productive infection by SEOV, LCMV and other zoonotic viruses (e.g., SV40) is now a well characterized and largely controllable phenomenon among lab animals and cell lines, the next twist to SEOV transmission to humans was unanticipated and posed new challenges to control. The first reports that owners and breeders of fancy rats were infected were published in 2013 from Europe and several localized outbreaks were identified (Figure 3B) (Jameson et al., 2013; Lundkvist et al., 2013; McElhinney et al., 2017; Reynes et al., 2017). Similar findings from the USA followed (Figure 3B).

The association between pet rats and human SEOV was only recognized by the occurrence of HFRS in humans rather than by any screening of rats destined for the pet trade. Serological and virological surveys during investigations of human cases found levels of SEOV to be between 80 and 100% among breeding colonies—a figure higher than the prevalence found among wild rat populations! As these colonies were identified after the human cases this does not, presumably, reflect the typical prevalence among breeding colonies more generally. However, the extent of human infection dwarfed the previous number of acute SEOV cases resulting from exposures to wild or laboratory animals. Surveys of more than 800 people involved in Rattus work, either professionally or for avocation, found evidence of SEOV infection in more than a third of this population (Duggan et al., 2017). The highest prevalence was among persons maintaining rats as pets, with substantially lower rates in those involved with professional activities in laboratories. Considering that the prevalence of SEOV antibodies is <0.5% among populations of urban residents living in conditions where dense populations of Norway rats exist and where a large proportion are infected by SEOV (Figures 1C,D), the results reported from surveys of rat owners were staggering. When it was considered as dogma to accept that SEOV transmission to humans was rare, these results indicated that in the right settings, transmission was actually common.

Most recently, a sizable outbreak of SEOV was identified among pet rat owners in North America (Kerins et al., 2018). The disease was identified in two individuals and follow-up studies showed that more than 10% of people tested were antibody-positive to SEOV. Investigations of more than 100 facilities found evidence of infection either in people or Rattus at more than 30% of sites. These findings—shifting attention from the usual (albeit rare) epidemiologic cycle of SEOV transmission from wild rat to human, or from the more unusual laboratory rat or cell line to human—demonstrated that ownership and interactions with pet rats changed our whole notion about risks for infection.

Two major findings emerged from these outbreaks among pet owners. Of public health concern was the number of SEOV cases and severity of disease among rat owners. The numbers of humans involved eclipsed the few sporadic cases of disease/infection reported among the general public interacting with the wild reservoir of SEOV—an eerie parallel to the emergence of LCMV among owners of hamsters. Secondly, the introduction of SEOV into rat breeding colonies, aimed for the fancy rat admirer or simply persons wanting a plain rat pet, was geographically extensive and was likely to be found beyond Europe and North America. An immediate consequence of these reports was that no adequate surveillance and control policies were in place to protect the public, as breeding of rats destined for the pet trade does not require a dedicated facility but can be a household or cottage industry; control will be challenging and incomplete at best. This represents déjà vu for persons previously following LCMV's peregrinations.

The likely reason for these high rates of infection among rat fanciers has been explored in Europe (Robin et al., 2017). In semi-structured surveys it was concluded that owners re-framed the perception of their rats to “pets” away from the perspective of synanthropic wild animals, so that the fancy rat became qualitatively distinct and was presumed “clean”—in essence a “new” species divorced from pestilential baggage carried by the wild ancestor. In the absence of overt clinical disease in the pet rat and lack of awareness of how persistent SEOV infection can perpetuate infection from generation to generation, there was simply a misperception among owners of the potential risk of rat-to-human transmission. This was one proposed reason for why levels of SEOV infection among owners of fancy rats were elevated nearly 20-fold above that of commercial breeders (Duggan et al., 2017).



CONTROLLING SEOV TRANSMISSION

The traditional approach to reduce SEOV exposure and transmission from wild Norway rats involves rat population control in urban areas. Population reduction is achievable but eradication of rats even from intensely targeted locations is rarely achieved, and populations typically rebound over months even when reductions may exceed 50% (Gardner-Santana et al., 2009; Glass et al., 2016). Control efforts have typically relied heavily on the application of rodenticide, and still do in most urban settings, but the implementation of integrative pest management (IPM) has achieved longer dampening of populations as they can alter the carrying capacity of targeted locations (Keiner, 2005).

Early attempts to mitigate populations through IPM involved both ecological and environmental interventions to reduce carrying capacity by reducing food and shelter resources, with complementary population reduction by trapping or chemical means (see Davis, 1953). The IPM approach was embraced by CDC initiatives in the 1970s directed at improving conditions to reduce rat infestation levels through a block-by-block intervention protocol carried out within targeted cities (including Baltimore), which was effective but not sustainable (Centers for Disease Control and Prevention, 1981, 1982a,b).

As a rare case in point, Baltimore reinstated these protocols in the mid-1990s in response to rat infestations in several city locations that proved resistant to rodenticide applications. A combination of targeted rodenticide-baiting, trash collection, public education, reduction in nesting sites and other habitat modifications were applied in two neighborhoods of ~1,700 households (Lambpropolous et al., 1999). One of the neighborhoods was heavily infested (21% households with rats in adjoining alleys or within homes), while in the other rat infestation was only 4%. After a 3-month intervention, infestations had been reduced to 8 and 0.3%, respectively. At 6 months post-intervention, infestation levels in the heavily infested neighborhood had returned to 20% while rat populations were undetectable in the less intensively infested area. Based on the limited sample size, the conclusion was that there may be some level of infestation above which ongoing IPM control efforts will fail to solve effectively in the long term.

The cause of this IPM failure was the basis for further studies. As observed repeatedly (Abelkrim et al., 2005; Gardner-Santana et al., 2009; Combs et al., 2018), Norway rats show highly structured populations with substantial population/genetic isolation by distance over hundreds of meters. Examination of maternity/paternity dyads in wild rats showed, however, distinct mate-seeking behavior compared to normal movements. While most non-sexual activities among individual rats occur within 100 m (Glass et al., 1989, 2016), mates often came from more distant alleys (likely beyond the geographic range of the IPM studies), essentially expanding the potential pool of mates and buffering local populations from perturbations.

Consequently, new strategies are needed to target interconnected populations. Population genetic studies that trace and link rat-infested locations by determining levels of gene flow should help to inform intervention efforts by defining and targeting an Eradication Unit rather than relying on block-by-block or simple community-based control (Robertson and Gemmell, 2004).

Although the outcomes of single or limited interventions to control targeted rat populations may be unconvincing, the conclusion that sustained IPM strategies are critical is unchanged. We have no other actionable options that simultaneously address human and rat behavior at the community level, mitigate environmental conditions that provide key resources for rat populations and improve sanitation (garbage and major refuse removal) measures provided by local government agencies. However, examples of long-term community and political commitment to sustain efforts are few and rarely achieved (Childs and Glass, 1988; Lambpropolous et al., 1999).

Reduction of SEOV infection of lab colonies of rats has been achieved in part by placing the burden of screening and culling on commercial operations maintaining breeding stock. However, ongoing surveillance of such colonies is required as ongoing reintroduction of SEOV (and other pathogens) from wild rats remains a threat (Easterbrook et al., 2007b; Reynes et al., 2017).

Individuals who place themselves at risk of SEOV infection by intentionally adopting rats as pets pose a unique and challenging group for intervention. As noted by Robin et al. (2017), this group has a perception that their domesticated rats pose little or no risk. Prevention for this group is more direct but has practical challenges influenced by the rat–virus interactions that produce persistent, unapparent infections in the reservoir. Historically, most pest control strategies focused on the inadvertent exposure population rather than this group. In the absence of routinely scheduled diagnostic testing of breeding colonies, which range from commercial enterprises to cottage industries, the lack of apparent disease among pet rats will permit persistent infection among closely housed individuals and across generations.



SUMMARY AND CONCLUSIONS

LCMV and SEOV are rodent-borne zoonotic pathogens that enjoy a global or near global distribution. The murid rodents, M. musculus and R. norvegicus, were introduced with ship-borne commerce and colonization and are the primary reservoir hosts for LCMV and SEOV, respectively.

The original concept of the zoonotic cycle linking transmission of LCMV and SEOV to humans through contact with their wild rodent hosts was established within a year after the discovery of LCMV as a cause of aseptic meningitis but required several decades to definitively link wild rodents as the source of viruses causing HFRS among humans (Figures 2, 3). A few years after the isolation of HTNV, the closely related SEOV was isolated from urban Rattus spp. and was shown to be responsible for HFRS among residents of Seoul, Korea. In this way, the natural or usual zoonotic transmission cycle was established linking human disease to wild rodent contact or proximity.

Within years, subsequent reports of laboratory-acquired infections caused by both viruses indicated that breeding stocks of rodents were contaminated. Patterns of infection and disease implicated aerosol transmission of LCMV and SEOV shed within rodent secreta/excreta, indicating that physical contact with the reservoir host was not required, adding an important element into the simple zoonotic cycle. It was also the first indication that simple zoonoses of wild animals had slipped unrecognized into human enterprises on a broader scale than had been previously appreciated. The realization that breeding stocks of rodents were infected with both LCMV and SEOV and were the source of human disease was not anticipated and raised questions about health security among lab personnel, commercial breeders and, importantly, the reliability of scientific studies using potentially infected rodents as the basis for experimental outcomes.

Almost concurrently it was shown that the whole mouse or rat was not required for the maintenance and transmission of LCMV or SEOV, but contact with virus-contaminated cell cultures, particularly those of transplantable tumors or hybridomas, was sufficient to produce substantial outbreaks among scientists and other personnel working in research settings. The usual and traditional zoonotic cycle of virus maintenance among wild rodents and transmission to humans via aerosolization of, or contact with, infectious secreta/excreta was far too simple. The transmission from inadvertently infected conspecific laboratory animals was deemed unusual but understandable, but infection from cell cultures, often repeatedly passed, was out of the ordinary and an unusual twist to be added within the expanding concept of the zoonotic cycle. Of particular note, outbreaks of LCMV- and SEOV-related infection/disease were more extensive than reported in natural settings, where only the simplest cycle existed.

Within years of the discovery of lab mice and mouse-derived cell cultures as the source of human disease, a nearly identical pattern of discoveries unfolded—but in these instances the source of LCMV was from hamsters (most notably the golden hamster), a different rodent species in a taxonomically removed family. In short order, infections were being diagnosed within research settings and among residents keeping golden hamsters as pets. Outbreaks caused by LCMV among hamster owners exceeded by several orders of magnitude the total number of acute cases ascribed to contact with wild house mice—the original and only species in the initial scheme of the zoonotic cycle. Not only had a distantly related rodent become involved in what had become the most “routine” transmission of LCMV to humans, its public health significance as the most important intermediary in the zoonotic cycle of transmission to humans established this species as the new reigning reservoir host. This unusual twist completely rearranged our thinking on zoonotic cycling of LCMV.

In a manner that partially mirrors events driving our new understanding of LCMV epidemiology, with SEOV, which rarely causes clinically diagnosed infection among the general population that has high levels of exposures to infected wild Norway rat populations, there has emerged disease outbreaks among persons owning fancy rats as pets. Like owning pet hamsters, these are inadvertent but intentional induced exposures from animals assumed to be virus free. Controlling these unusual routes of transmission are daunting and requires efforts entirely different from routine IPM measures aimed at controlling wild rodent populations. In both LCMV and SEOV, the immunobiology of rodent–virus interactions produces occult infections that require substantial diagnostic efforts to eliminate the threat.

At this juncture, the different, unusual, and unpredicted routes of LCMV transmission diverge from that of SEOV. Beginning with the demonstration that human-to-human transmission from acutely infected women during pregnancy resulted in severe, often fatal consequences to the fetus and permanent sequelae among surviving offspring (Figure 2B), a new twist, again unanticipated, was identified. Human-to-human transmission of LCMV to solid organ recipients caused severe, and most often fatal, disease (Table 1). In some cases, infection among donors was linked to ownership of pet hamsters while in most cases the source of infection remained undetermined. Traceback studies showed that infected breeding stocks distributed to wholesale suppliers were the source of infection to pet owners. Of note, these rare occurrences highlighted how often LCMV infection goes unsuspected and undiagnosed.

The evolution of transmission routes for human infection by LCMV and SEOV have unfolded the highly complex interactions, deviating dramatically from the usual or classically defined zoonotic cycle of one reservoir species transmitting these viruses directly or indirectly to humans. A bewildering transmission web has evolved, linking the interaction of multiple variables to human infection, as humans have found new ways to interact with these rodents.

One fact is the maintenance of both viruses within wild rodents will continue to provide renewed sources for virus spillover to other rodent hosts owned as pets. These viruses have surprised us on numerous occasions, and whether no new string will be added to the complex web of transmission is uncertain. However, the epidemiology of these viruses' urban infections promotes that possibility. The global percentage of humans living in cities has surpassed 50% and continues to grow. Inevitably, many residents of burgeoning cities will live in conditions highly conducive to significant human–rodent interactions and these will be locations for examining increased incidence/prevalence of human infection and disease. Whatever twists remain, these viruses are here to stay and their significance in causing substantial public health challenges, perhaps limited today, is likely to increase.
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Percent
units rented

(%)
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10.6
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63.8
63.4
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49.4
61.1
7.0
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53.4

Percent
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(%)

23
05
01
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05

285
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17.3
05

Complaints
since 2008

1,062
964
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1,979
237

17,402
19,088

4818

6,936

4,628

6,021
934

14,362

Complaints
2017-2018

119
154
34
404
42
1,845
1,944
600
953
576
1,056
128
1,642

Pooled trap
success.
(Rats/trap/night)

0.063
0.018
0.000
0.001
0.000
0.121
0.094
0.073
0.055
0.021
0.045
0.045
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Model Covariates df AlCc A AlCc weight Adjusted R2

Rat relative abundance Trap success 3 199.42 0.00 068 067

Population density Human population density 3 202.12 270 0.18 065

Rats and population density Trap success + human population 4 20255 3.13 0.14 0,67
density

Null Intercept only 2 211,37 1196 0.00 na

Socioeconomics Income + vacancy rates + percent 5 216.34 16.92 0.00 030
renters

Global Trap success + human population 7 225.64 26.22 0.00 053

density + income + vacanoy rates +
percent renters
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Complaints + renters + 5 -5637 0 089 0.84
vacancy

Complaints + human 4 -5026 611 004 065
population density

Complaints + income + 6 -4991 646 004 084
renters + vacancy

Complaints 3 49 737 002 052
Complaints + vacancy 4 —4671 966 001 055
Complaints + renters 4 4623 1044 001 053
Complaints + human 7 8064 1673  0.00 082
population density + income

+ renters + vacancy (Global)

Complaints + income 4 4468 1169  0.00 047
Complaints + income + 5 —4388 1249 000 059
renters

Complaints + income + 5 —4298 1339 000 056
vacancy

Null 2 —-4189 1448 0.00 na
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Behavior

Walk
Run
Freeze
Drink
Sniff
Feed
Sit
North
South
East
West

Coef. SE
0.191 0.088

-0.060 0.086

—0.144 0.159

—17.46 5,568.95
0.0302 0.095

-17.621  3,990.70

—17.466  5,568.95

0.122 0.107
0.160 0.119
0171 0.086
0.176 0.003

247
-0.70
-0.90
-000

032
-000
-0.00

114

134

198

1.90

P

0.030
0.483
0.366
0.997
0.751
0.996
0.997
0.254
0.181
0.047
0.058

OR

1.21
0.94
0.87
0.00
1.03
0.00
0.00
113
147
1.19
1.19

Lower

1.02
0.80
0.63
0.00
0.88
0.00
0.00
0.92
0.93
1.00
0.99

Upper

1.44
in
1.18
1.24

1.39
1.48
1.41
1.43

Direction refers to orientation that rat moves when exiting video. Bold number indicates
the number of cats influenced this behavior at p < 0.05. *Refers to upper limit bring too
large to display i.e., > 1,000.
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Date/location/reference Donor condition Organ transplanted Recipient outcome.
(time to death days)

2008/USA/(Fischer et al., 2006) Apparent head trauma Kidney Died (53)

Kidney Died (76)

Liver Died (17)

Lung Died (9)
2005/USA/ No reported disease Kidney Died (23)

Liver Died (26)

Lung Died (23)

Kidney Survived*
2008/Australia/(Palacios et al, Cerebral Kidney Died (36)
2008) Hemorrhage

Liver Died (30)

Kidney Died (29)
2008/USA/(Centers for Disease Cardiac Arrest —2° to Kidney Died (~28)
Control, 2008) encephalitis

Kidney Died (~70)
2011/USA/(MacNel et al., 2012) Cerebral edema Kidney Died (30)

Kidney Survived*

Liver Sunvived**

Lung Died (20)
2013/USA/(Centers for Disease Cerebral Liver Sunvived/Critically il****
Control, 2014) Hemorrhage

Kidney Died (20)***

Kidney Survived**

Cornea Sunvived/Asymptomatic****

Detalls of the time of occurrence, evidence of donor llness, tissue transplanted, and outcome of recipients of organs are summarized.

*Ribavirin administered day 26 after LOMV discovered as cause.

"Treated with IV acyclovir (2X) and oral valacyclovir.
*No antivirals administered.

Immunosuppression was promptly reduced and ribavirin and/or intravenous immunoglobulin therapy were initiated.
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CatID Black Gray Scars Black/ White Unknown Total
white

Walking 14 46 6 21 27 6 120
Running 2 1 0 3 2 0 8
Stalking 1 3 2 9 5 0 20
Predation 0 1 0 1 1 0 3
Sniffing 8 45 4 6 10 0 il
Foedng 0 6 0 1 1 0 8
Sitting 3 3 0 0 2 0 8
Marking 7 3 2 4 5 0 21

1
0
3
36 4

Direction refers to direction focal animal moved out of view.
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Unadjusted?
Covariate Categories Estimate®  SEY p-value
Sex Female Ref® Ref Ref
Male 0.016 0.56 0.977
Sexual Maturity Immature Ref Ref Ref
Mature -090 056 0.109
Weight Continuous ~0.0091 00028 00013
Length Continuous -0.12 0038 00016
Wound Presence  None Ref Ref Ref
Present -173 066 00091
Season Summer (June-Aug)  Ref Ref Ref
Fall (Sep-Nov) 050 057 038
Leptospira Status  Negative Ref Ref Ref
Positive —152 092 0.101

R? for final model = 0.027

*Bivariable linear regression.

bMultivariable linear regression.

Estimated effect of the given variable for a 1-day increase in trap dy.
9Standard error.

°Reference category.

95% Cl

Ref
(=1.08,1.11)

Ref

(~1.99,0.20)
(~0.015, —0.0036)
(~0.20, ~0.047)
Ref

(~3.08, -0.43)
Ref

(-062,1.62)

Ref

(~334,0.30)

Estimate

SE

0.0028

Adjusted®

p-value

0.0013

95% Cl

(~0.015, ~0.0036)
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Covariate

Sex

Sexual Maturity

Weight

Length

Wound Presence

Season

Leptospira Status

Categories

Fernale

Male
Immature
Mature
<111g
>=111g
<30.5cm
>=30.5cm
None

Present
Summer (June-Aug)
Fall (Sep-Nov)
Negative
Positive

OR®

Ref®
1.20
Ref
0.37
Ref
0.34
Ref
037
Ref
0.76
Ref
113
Ref
0.47

sed

Ref
0.30
Ref
031
Ref
032
Ref
031
Ref
0.36
Ref
0.39
Ref
0.55

Unadjusted?

p-value

Ref
0.65
Ref
0.0014
Ref
0.00064
Ref
0.00156
Ref
0.43
Ref
0.69
Ref
0.18

95% ClI

Ref
(0.66,2.20)
Ref
(0:20,0.68)
Ref
(0.18,0.62)
Ref
(0:20,0.68)
Ref
(0.36,1.49)
Ref
(0:62,2.08)
Ref
(0.14,1.26)

The seven-day recapture window includes rats caught for the first time in the first three weeks of trapping; N = 281.
*Bivariable logistic regression.
OMutiveriable logistic regression.

€Odds ratio.
9IStandard error.
©Reference category.

OR

SE

Adjusted®

p-value 95% CI

0.00054 (0.18,0.62)
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Haplotype

NorhapO1

Norhap02
Norhap03
Norhap04
Norhap05
Norhap06
RathapO1

Rathap02

Rathap03
Rathap04
Rathap05
Rathap06
Rathap07
Rathap08
Rathap09
Rathap10
Rathap11
Rathap12
Rathap13
Rathap14
Rathap15
Rathap16
Rathap17

87

39

176

141

27

w -

@ saaaanaoO

Location

North Island and neighboring islands; Raoul Island; Chatham Island; Campbell Island;
township of Oban (on Stewart Island)

South Island; Stewart Island

Township of Bluff on South Island

Rare on North Island

Rare on North Island

Rare on North Island

Upper North Istand (north of the Auckland isthmus); most of the South Island
(excluding Southland) and neighboring islands; Big South Cape Island (off Stewart
Island); Lord Howe Isiand; Norfolk Island; Port Jackson, Sydney

Most of the North Island (south of the Auckland isthmus); southern-most South Island
(Southland) and neighboring islands; Ponui Island, Kawau Island, Kaikoura Island and
neighbours, and Rakitu Island (all Hauraki Gulf); Macquarie Island; Chatharm Island.

Township of Bluff on South Island

Great Barrier Island and Kaikoura Island and neighbours.
Rare on Kalkoura Istand

Rare on Kaikoura Island

Stewart Island and neighboring islands

Known from museum samples from Stewart Island (Robins et al., 2016)
Rare on Stewart Island

Lord Howe Island

Rare on North Island

Rare on North Island

Rare on South Island

Rare on South Island

Rare on South Island

Rare on South Island

Rangitoto Island

GenBank accession

MH751483

MH751484
MH751485
MH751486
MH751487
MH751488
KR559034

KR559036

KR659036
MH751489
MH751490
MH751491
KR559037
KR559038
KR559039
MH751492
MH751493
MH751494
MH751495
MH751496
MH751497
MH751498
MH751499
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Position 15507 15549 15568 15669 15579 15588 15589 15590 15609 15616 15638 15810
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Norhap02 ~ C A c G . . . c
Norhap03 ~ © ’ A ; G . G . ’ . c
Norhap04 : A
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Norhap0s . : ; . : : . . c

Base positions are numbered relative to the mitochondiial reference genome for R. norvegicus (GenBank NC_001665.2).
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Covariate

Sex

Sexual Maturity

Dichotomous Weight

Dichotomous Length

Wound Presence

Season

Leptospira Status

2Only considered rats within the seven-week window for recapture (n = 281).
bUrine was not collected from all rats included in this analysis (otar

Levels

Fermale

Male
Immature
Mature
<111g
>=111g
<380.50m
>=30.50m
None
Present
Summer (Jun-Aug)
Fall (Sep-Nov)
Negative
Positive

Not recaptured
Total rats = 324
N (%total)

158 (49)
166 (51)
139 (43)
185 (57)
153 (47)
171(83)
151 (47)
173 (53)
250 (77)

74 (23)
131 (40)
193 (60)

248 (88)

35(12) 0

335, Nnotrecaptured = 283, Nrecaptured = 52).

Recaptured
Total rats = 55%
N (%total)

26(47)
29(53)
33(60)
22 (40)
36 (65)
19.(35)
36 (64)
20(36)
43(78)
12(22)
22 (40)
33 (60)

48(92)°
4@°

Overall sample
Total rats = 379
N (%total)

184 (49)
195 (51)
172 (45)
207 (65)
189 (50)
190 (50)
186 (49)
193 (51)
293 (77)

86 (29)
153 (40)
226 (60)

296 (88) ®

39(12) 0
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Rat Sex Weight (g) Specimen type Original Passaged in ECEs Post- Post-

ot passage passage

value PCR status CT value
42 Female 400 Oronasal 36.03 Yes Negative >45
44 Female 300 Oronasal 35.24 Yes Negative >45
Paw 36.23 Yes Negative >5
46 Male 400 Lung 35.93 Yes Negative >45

52 Male 225 Paw 37.85 No - -

53 Female 200 Oronasal 35.56 Yes Negative >45
59 Male 75 Oronasal 35.92 Yes Negative >45
65 Male 150 Oronasal 36.94 Yes Negative >45
Paw 35.89 Yes Negative >45
66 Male 90 Paw 36.90 yes Negative >45

71 Female 75 Paw 36.28 yes Negative >>45
72 Female 110 Oronasal 37.01 Yes Negative >45
75 Female 125 Paw 35.21 Yes Positive 41.61

77 Male 125 Paw 42.69 No - -

87 Female 50 Paw 39.09 Yes Negative >45
% Female 505 Oronasal 35.90 Yes Negative >45
98 Female 275 Paw 3551 Yes Negative >45
104 Male 175 Oronasal 36.94 Yes Negative >45
218 Female 190 Oronasal 35.41 Yes Negative >45
220 Male 60 Lung 3436 Yes Negative >45

Both the original cycle threshold (CT) values as well as CT values following passage in embryonated chicken eggs are reported. “indicates the individual wes positive for both oronasal
and paw swabs.
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Model Description Likelihood ratio AIC
2

k n logL x p-value Score ANIC
1 Month+Geocluster* 3 160 ~40928 26,507 0002 103.332 0000
2 Month+Geocluster-+Sex 4 154 —40538 25911 0.004 104.935 1,608
3 Month+Geocluster-+Weight+Sex 5 154 —40533 25.922 0.007 107278 3.946
4 Month 2 160 —48.408 11.546 0042 109366 6.034
5 Geocluster 2 162 —53.152 6727 0.151 116.683 13.356

Number of parameters () and number of observations (n) included in each model are reported. The statistical significance of each model s assessed with likelihood ratio tests summarized
by the log llkelihood (L), Chi squared (x?) and p-value. Models are ranked using Akaike’s Information Criterion (AIC) summarized by the AIC score and AIC difference (AAIC). The top
‘model “Month + Geocluster” (indicated by an asterisk) had the lowest AIC score and p-value.
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Position 15469 15487 15489 15513 15643 15563 15572 15581 15604 15619 15653 15716 15757 15760 15761 15808 15822

Rathap0t T T T c c T A T A G c T c A G c T
Rathap02 . . . . . . . : . . . . T

Rathap03 . . . T

Rathap04 . . ; : : . : c

Rathap05 . : : : : c
Rathap06  C . . . . c : c : .

Rathap07 . . : . T ) ; ’ . . : . . G
Rathap08 . . . . T . . . . . T .
Rathap09 . . . T . . G . . c
Rathap10 . : ; ’ : . . : . : 2 ; : ; T

Rathapti . c : . : T :

Rathap12 . : : . : . . . . ; : . T . : T
Rathap13 . : c :

Rathap14 . : : . ; : ; ; : : 3 c

Rathap15 . . G .

Rathap16 . . . . : ) . . ’ A

Rathap17 . . . . . : . [

[

o)

Base positions are numbered relative to the mitochondiial reference genome for R. rattus (GenBank NC_012374).
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Category

Sex

Sexual
maturity

Age
Wound
presence

Subcategory

Male
Female
Mature

Immature
Median (IQR)
No

Yes

Salvador

Total (%)
(n=433)

253 (59)
178 (41)
347 (81)

84(19)
83(43)
192 (45)

239 (55)

Vancouver

Total (%)
(n =525)

281 (54)
244 (46)
328 (62)

197 (38)
4738)
386 (74)

139 (26)

p-value?

0.1239

p<0.001

p<0.001
p<0.001

Determined using the Chi-squared test, or Welch's t-test, where appropriate.
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Category Subcategory
Age

Sex Male

Maturity Mature
Wound presence Yes
Age'wound presence

OR?

1.04

0.60

3.99
1229
0.96

Salvador

Full model
95% CI

(1.02,1.07)
03,1.19)
(1.72,9.26)
(3.45,43.75)
(0.94,0.99)

OR

1.05
3.19
12.91
0.96

Final model
95% ClI

(1.02,1.07)
(1.48, 6.89)
(3.70, 45.05)
(0.94,0.98)

OR

1.09
0.53

2.06
21.57
0.95

“Adjusted by 27 days for Salvador data and by 26 days for Vancouver data. Bold indicates statistical significance at p < 0.05.

Vancouver
Full model
95% CI OR
(1.05,1.13) 1.08
(024,1.19) -
(0:21,20.10) -
(2.92,159.38)  19.43
(0.91,0.99) 0.95

Final model
95% CI

(1.05,1.12)

(2.98, 126.87)
(0.91,0.98)
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Knowledge gained from this review

Remaining knowledge gaps

Urban rat movernent is dependent on access to important resources (i.e., food and harborage)
Rat movement is impeded by barriers such as roads and waterways

Population genetics-based tools demonstrate that rats may cross roads more often than previously estimated using
trapping-based techniques

Long-distance dispersal events are infrequent but can occur over a distance of several kilometers, facilitating
connectivity among distant populations

Rat immigration is not always successful, with some migrating individuals being evicted by resident populations

Rats may change their home range and natural movement patterns in response to environmental change and
anthropogeric habitat modification

How do specific environmental and socioeconomic features of the urban environment promote or hinder rat
movement?

Why do rats disperse? Is there a consistent answer or variety of reasons for dispersal?

What is the dispersal kemel (.., the distribution of dispersal distances) of rats?

How does habitat disturbance (e.g., demolitior) affect rat movement, and how do proactive approaches to rat
control minimize these effects?

How do pest control initiatives which are scaled to the level of rat movement (e.g., eradication units) compare to
tradiitional pest control approaches? How can information on rat movement be used to inform innovative pest control
technologies?

What s the role of rat movement in the transmission of rat-associated pathogens among populations, and how does
this affect pathogen prevalence?





OPS/images/fevo-07-00014/crossmark.jpg
©

2

i

|





OPS/images/fevo-07-00014/fevo-07-00014-g001.gif





OPS/images/fevo-07-00014/fevo-07-00014-g002.gif





OPS/images/fevo-06-00189/fevo-06-00189-t004.jpg
Response variable

Complaints within 1 km of alley

Trapping success

Model

Global
Uncontained garbage
Null(Intercept)

Accessible garbage receptacles
Harborage

Dog Waste presence

Building condition

Grounds condition

Uncontained garbage

Dog Waste presence

Grounds condition

Building condition

Harborage

Accessible garbage receptacles
Null

Global

LR A S S AR SN CRE RS

AlCc

4240
4241
428.0
428.6
429.0
42