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Abstract

:

Disease co-occurrence in wildlife populations is common yet understudied. In the case of disease-caused mortality, the mortality attributed to one disease has the potential to buffer populations against subsequent alternative disease outbreaks by reducing populations and thus contacts needed to sustain disease transmission. However, substantial disease-driven population declines may also prevent populations from recovering, leading to localized extinctions. Hemorrhagic disease (HD), a vector-transmitted, viral disease in white-tailed deer (WTD), similar to chronic wasting disease (CWD), a prion disease, has increased in frequency and distribution in the United States. However, unlike CWD, which progresses slowly, HD can cause mortality only days after infection. Hemorrhagic disease outbreaks can result in substantial localized mortality events in WTD near vector habitats such as wetlands and may reduce local deer densities and consequent CWD transmission. The objective of our study was to evaluate the potential for HD outbreaks to buffer CWD risk where the diseases co-occur. Using an agent-based modeling approach, we found that frequent, intense HD outbreaks have the potential to mitigate CWD risk, especially if those outbreaks occur shortly after CWD introduction. However, HD outbreaks that do not result in substantial WTD mortality are unlikely to impact CWD or WTD population dynamics. Severe HD outbreaks may reduce CWD cases and could present an opportunity for managers to boost CWD control initiatives in a post-HD outbreak year.
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1. Introduction


Wildlife populations are commonly infected with multiple pathogens, and disease coinfection is likely the norm among populations rather than the exception [1,2,3]. However, at the wildlife population scale, the occurrence of one disease in a population has the potential to buffer populations against subsequent disease outbreaks if the initial disease functionally reduces contact rates and thus transmission among animals. By reducing populations below the threshold needed to sustain disease transmission between infected and susceptible individuals, density-dependent disease transmission will slow. Nonetheless, substantial population declines caused by disease may prevent populations from recovering, leading to localized extinctions (reviewed in [4]). With wildlife diseases emerging at unprecedented rates [5,6], investigating potential interactions between diseases is vital for wildlife conservation.



White-tailed deer (WTD) populations are increasingly threatened by the introduction and spread of novel diseases. Chronic wasting disease (CWD), a prion disease that infects members of the cervid family, has expanded across the United States (US) since its discovery in the 1960s in Colorado [7]. Likewise, hemorrhagic disease (HD), a vector-transmitted disease caused by the orbiviruses epizootic hemorrhagic disease virus or blue tongue virus, has increased in frequency and distribution in WTD across northern latitudes since the 1980s [8]. Both HD and CWD can cause mortality in WTD, but they act at different temporal scales. CWD progresses very slowly, generally leading to death about two years after infection [9], whereas HD can cause mortality only days after infection [10]. In contrast to CWD, which persists in the environment [11], HD outbreaks are cyclic, occurring every five to seven years, and tend to be associated with warm summer temperatures [12] and reduced precipitation [13]. HD outbreaks can result in substantial localized mortality events in WTD, particularly near wetland and riverine habitats [14,15], which are critical for reproduction in the vector species, biting midges in the Culicoides genus, responsible for transmitting HD [16]. Factors that reduce local WTD density, like HD, have the potential to mitigate CWD risk by reducing the probability of contact between susceptible and infected deer through reductions in deer density. Understanding how HD and CWD may interact to influence WTD populations is critical given the cultural, economic, and ecological importance of WTD [17,18].



The objective of our study was to determine how the intensity, frequency, and timing of HD outbreaks affect CWD and WTD population dynamics. We hypothesized that HD outbreaks would alter CWD risk (i.e., total cases, prevalence, and persistence). We predicted that increases in HD outbreak frequency and intensity would reduce CWD risk, leading to reductions in CWD cases, prevalence, and persistence. We also predicted that HD outbreaks that occurred shortly after CWD was introduced would have a higher potential to buffer CWD by directly reducing the number of CWD-infected individuals than HD outbreaks that occurred before CWD was introduced. We tested our hypothesis using a set of previously published agent-based models (ABMs) that were created to simulate CWD dynamics in WTD populations in Michigan counties [19,20].




2. Materials and Methods


2.1. Agent-Based Model Framework


The OvCWD agent-based modeling framework is composed of two separate ABMs, OvPop (Odocoileus virginianus Population model version 1.1.0) and OvCWDdy (O. virginianus CWD dynamics model version 1.0.0), coded in the NetLogo modeling environment, and it was developed to connect WTD demography and behavior to dynamics of CWD [19,20]. OvPop simulates population dynamics using population and behavior parameters (Supplemental Table S1) and mortality rates (Supplemental Table S2) at a one-month timestep for 25 years, allowing the population growth rate to stabilize at lambda equal to 1.0 and reach equilibrium. The resulting population snapshot with details on sex, age, and group composition is then used in the OvCWDdy model to simulate CWD entering a population with a stable growth rate and age–sex structure. We determined the initial deer populations in our model using the same model parameters used to model CWD dynamics in WTD in Michigan [21]. The OvCWDdy model simulates disease and population dynamics for 10 years following CWD introduction. Source code and detailed ODD protocols (Overview, Design concepts, and Details) are available for the OvPop and OvCWDdy models [19,20], but we will describe model components that are particularly relevant to this study.



During each timestep in the OvCWDdy model, contacts between infected and susceptible deer are modeled using a user-specified deer contact network. This contact network specifies the minimum and maximum number of contacts individual deer are expected to have with other deer based on the published literature (see [21] for additional contact network description). When deer interact in the model, a random number between the minimum and maximum number of contacts is selected, and each of those contacts has a disease transmission rate of 0.0128. The number of contacts between deer varies depending on each deer’s age, sex, and group membership (i.e., doe social groups, male bachelor groups). For instance, in the model, fawns 3 months of age have 60–90 contacts with their mothers per month, but as they age, the minimum and maximum number of contacts decreases (e.g., 4–6 months: 20–30 contacts, 7–9 months: 5–10 contacts). The model also simulates doe and bachelor group behaviors, with deer in the same group having more contacts and therefore higher probabilities of CWD transmission (e.g., solitary males have between 1 and 5 contacts per month with other solitary males, whereas males in bachelor groups have between 5 and 15 contacts with other group members).



There are no treatments available for CWD, so the only current method to control CWD spread in white-tailed deer is to limit contact between individuals by removing deer from the landscape. The modeling original framework has four ways that CWD-positive deer can be removed: (1) emigration, (2) human harvest (i.e., hunting), (3) non-specified natural mortality, and (4) mortality due to CWD. The landscape in the modeling framework is a torus, which means if a deer disperses beyond the bounds of the landscape, the deer are “wrapped” so that they reappear on the opposite edge. If a dispersing (emigrating) deer is CWD-positive, it will wrap and reappear (immigrate) into the model as a CWD-negative deer. Deer can also be removed by human harvest and natural mortality, and sex- and age-specific rates can be specified by users in the NetLogo interface (Supplemental Table S2). Finally, CWD-positive deer die when their disease progression has advanced to clinical stages. In the model environment, a CWD-positive deer begins transmitting the disease via contacts 6–10 months post-infection and remains in this infectious stage for an initial 11–15 months at which time it enters the clinical stage of the disease. CWD-driven mortality occurs 1–2 months after the deer reaches clinical stage. Deer in the clinical disease stage continue to transmit CWD via contacts but do not participate in mating. In this framework modeled here, deer are also removed from the model environment due to HD outbreaks.



The original OvCWDdy modeling framework was intended to simulate CWD dynamics at the county level, and the underlying model landscape was determined based on the percent forest canopy cover at a 1-mile spatial resolution, as it was designed to match the measurement units most used by management agencies and evidence on deer habitat metrics of significance [22]. Within the original model environment, landscape pixels with percent forest cover between 25% and 75% were considered “deer habitat”. Depending on the forest cover of neighboring pixels, pixels that did not meet this initial threshold were combined and considered “deer habitat”. Ultimately, this created heterogeneity in deer density based on the underlying landscape’s forest cover, such that habitat patches that were not optimal received fewer deer than optimal habitat. In this analysis, these deer habitat pixels were initially seeded with a deer density of 10 deer per square mile. In addition to the initial population seeding, forest cover also influences juvenile male dispersal behavior in the modeling framework, such that males disperse farther in areas with less forest cover [23]. Yearling male dispersal distance is described by a linear relationship where the dispersal distance is zero in areas where forest cover exceeds 72% [23]. Female deer were also dispersed in the models, but those movements were not influenced by landscape composition.



We used the ‘nlm_randomcluster’ function in the ‘NLMR’ package in R to simulate random neutral landscape models composed equally of two habitat types, “deer habitat” and “non-habitat” [24]. Neutral landscape models use theoretical distributions to simulate landscape patterns [25]. To simulate fragmented habitats, which realistically represent landscapes commonly used by WTD, we set the clustering parameter to 0.1, such that only 10% of the “deer habitat” in each landscape was clustered together. The selection of the clustering parameter was based on Rahimi et al. [26], who used the ‘nlm_randomcluster’ function to generate landscapes with high and low levels of fragmentation. We reclassified the landscapes generated by the ‘nlm_randomcluster’ analysis (originally binary rasters with 1 representing deer habitat and 0 representing non-habitat) so that the maximum value in the raster was 0.50, or 50% forest cover, so that deer habitat was represented within the NetLogo modeling environment. We then smoothed the resulting landscape to better mimic natural transitions between deer habitat and non-habitat and heterogeneity in deer density. We created 576 mi2 (24 by 24 miles) landscapes to represent an area similar to many Midwestern counties (the median county area for Michigan is 567 mi2). We repeated this process to create 10 replicate landscapes.




2.2. Experimental Design


We manipulated HD outbreak intensity (amount of vector habitat [low, medium, or high] and percent deer mortality [20% or 70%]), HD outbreak timing (2 months before CWD introduction, 2 months after CWD introduction, or 26 months after CWD introduction), and HD outbreak frequency (1 outbreak per simulation and 2 outbreaks per simulation), resulting in 36 treatments total (3 vector habitat treatments × 2 percent morality treatments × 3 HD timing treatments × 2 HD frequencies = 36 treatments; Figure 1). We replicated each treatment on 10 distinct landscapes for 100 model iterations. For each landscape, we also ran models without CWD introduction and with CWD but without HD outbreaks to represent our disease control scenarios, which ultimately created 38 total treatment groups.




2.3. Simulating HD Dynamics


The vector species associated with HD rely on wet, muddy soils for reproduction [16] and thus, HD outbreaks are commonly associated with wetland or riparian habitats [14,15]. This leads to localized mortality effects near wetlands or river sites, generally in the late summer or early fall. With this in mind, we randomly categorized pixels within our landscapes as river patches, but more generally speaking, these river patches can be viewed as areas on landscapes with high risk for HD outbreaks. In models with an HD outbreak, we simulated HD-driven mortality events by removing deer agents from areas within a 1-mile radius of a river patch, with the number of deer removed from the landscape depending on the abundance of river patches. We created three levels of vector habitat abundance (i.e., low, medium, and high) by changing the number of rivers present in the model landscape. Rivers were randomly created from the center of the model landscape to its edge. Landscapes with low, medium, and high vector habitat abundance had one, four, or eight rivers, respectively. Ultimately, this led to identifying, on average, 2, 8, and 16% of the landscape for low, medium, and high vector habitat abundance as river habitats. We also changed the severity of each HD outbreak by altering the number of deer that were removed from the landscape during an HD outbreak event. We simulated low- and high-severity outbreaks by removing 20% and 70%, respectively, of deer near the river patches.



We also manipulated the timing and frequency in which outbreaks of HD occurred. We changed the timing of the first HD outbreak occurrence in relation to CWD introduction. We modeled three different HD timing scenarios. Under our first scenario, the initial HD outbreak occurred 2 months before CWD was introduced onto the landscape, ultimately reducing the initial deer abundance on the landscape. Under our second scenario, the initial HD outbreak occurred 2 months after CWD was introduced on the landscape, thereby reducing the deer population before substantial CWD spread, and increasing the likelihood of removing an initial CWD-positive animal. In our final scenario, the initial HD outbreak occurred 26 months after CWD introduction, allowing for CWD spread prior to a population reduction. We included these timing scenarios to mimic the two main modes in which CWD is likely to get introduced into a new area, the first being in early spring when juvenile deer, typically males, disperse from their family group into new territories, and the second during hunting seasons when deer carcasses are transported from one area to another. CWD was only introduced once, and it was introduced by a young male. Because HD outbreaks are cyclic, occurring once every five to ten years, we modeled the frequency of outbreak occurrence once or twice within the 10-year simulation. In the scenarios where two HD outbreaks occurred, a second outbreak occurred five years after the initial outbreak. Given that HD outbreaks typically occur during the late summer or early fall, all HD outbreaks occurred during August (month 8) of our model simulations.



Deer populations that experience an HD outbreak have been shown to bounce back after HD outbreak events [15], suggesting that density-dependent population growth may be at play in some WTD populations. To simulate this in the ABM environment, we increased the pregnancy rate of does within one mile of a river pixel by 20% after an HD outbreak occurred. The pregnancy rate remained elevated until the population was within 1% of the initial population size at the beginning of the simulation, at which time the pregnancy rate was reduced to the original rates used to establish a stable population. This ultimately simulated the reduction in competition between individuals after an HD outbreak and consequent increased fitness and reproductive capacity, as we would expect to see in wild populations [27].




2.4. Response Variables and Statistical Analysis


The OvCWDdy model outputs the total deer population, the number of CWD-positive deer, and the number of CWD-positive landscape pixels (i.e., total CWD area). Only landscape pixels with active CWD cases at the end of the simulation were used to calculate the total CWD area. The ABM used in this study does not have a mechanism to simulate environment transmission, so infected deer do not contaminate landscape pixels as they move through the environment. We used these outputs to calculate CWD prevalence and the percent of total outcomes across all scenarios when an outbreak of CWD occurred. CWD prevalence is defined as the total number of CWD-positive deer in the population divided by the total population. The percent of outcomes in a CWD outbreak that occurred represents the proportion of model iterations in which CWD persisted for the entire simulation and ended with a prevalence rate of ≥1%. We used a generalized linear mixed effects model (GLMM) with a binomial error distribution to test for treatment effects on the percent of times CWD introduction led to an outbreak with the landscape replicate as a random factor. The mean differences between the number of CWD-positive deer, landscape pixels, and CWD prevalence given that CWD persisted on the landscape among HD treatments were determined by a one-way analysis of variance (ANOVA), followed by a Dunnett’s test to compare HD treatments and no-HD control treatment with the responses average by replicate landscape. We also used a one-way ANOVA, followed by a Dunnett’s test, to determine the mean differences in total deer population size among treatments and the no-CWD control for each landscape replicate. All analyses were performed in R version 4.1.2.





3. Results


HD treatment significantly influenced the probability of the occurrence of a CWD outbreak (GLMM: χ² = 141.01, df = 36, p < 0.001). However, not all HD treatments differed significantly from the HD-absent control (Figure 2; Supplemental Table S3). Generally, as the frequency and severity of HD outbreaks increased, the probability of CWD outbreak occurrence declined. However, the initial timing of the HD outbreak greatly influenced the buffering capacity of HD on CWD risk. HD outbreaks, regardless of their intensity or frequency, had no impact on CWD persistence if they initially occurred prior to CWD being introduced.



HD treatment significantly influenced the total CWD cases (F36,333= 8.849, p < 0.001) and total CWD area (F36,333= 9.809, p < 0.001), but as with outbreak probability, not all HD treatments were significantly different from the HD-absent control (Figure 3A,B; Supplemental Tables S4 and S5). If intense and frequent HD outbreaks occurred during the model simulation, the total number of CWD cases and CWD area was reduced, regardless of the timing of the HD outbreak. HD treatment significantly influenced CWD prevalence (F36,333= 2.374, p < 0.001), but post hoc analyses revealed that no HD treatments were significantly different from the HD-absent control (Figure 3C; Supplemental Table S6).



Final deer population density was also significantly influenced by disease treatment (F37,342= 15.094, p < 0.001). Compared to the CWD-absent control, CWD presence alone had no impact on final deer population density (Figure 4; Supplemental Table S7). Similarly, HD treatment only significantly influenced final population density when the resulting mortality was extreme. HD had no effect on population density in landscapes with low vector habitat abundance or 20% deer mortality (Figure 4).




4. Discussion


Although wildlife populations are commonly plagued by multiple diseases, how diseases interact to influence populations is rarely investigated [3,28]. When disease coinfection experiments are carried out, they are often limited to diseases with similar modes of transmission [29], causal agents [30,31], or infection model organisms that are easy to manipulate in the laboratory [32]. Executing small-scale experiments with large, economically important species like WTD is costly, and designing broad-scale experiments with sufficient replication is impractical. Working with complex, unpredictable diseases, like HD and CWD, only adds to the challenge. Fortunately, disease models, like the agent-based modeling approach used in this study, allow for the rapid simulation of these two complicated diseases to address questions that would be impossible to answer using real-world experiments. Here, we show that HD outbreaks do have the capacity to buffer CWD risk within WTD populations, but this potential is only achieved when HD outbreaks result in substantial mortality and occur frequently. Likewise, the effect of HD outbreaks on CWD risk is reduced if the HD outbreak occurs prior to CWD establishment. As environmental conditions continue to shift favoring HD vectors, and CWD cases continue to rise, we can anticipate an increased potential for the overlap of CWD and HD; this study helps us begin to understand how interactions between these diseases could influence WTD populations.



Reductions in deer density have the potential to reduce CWD transmission between infected and uninfected deer. In fact, reducing deer densities through extensive culling or increased hunter harvest is one of the most used strategies to mitigate CWD [33,34]. We were motivated to perform this study because HD outbreaks in natural and captive populations can result in substantial, localized mortality [15,35,36,37] and as such may naturally buffer populations against CWD. However, the frequency and intensity of HD is highly variable [31,38], and the impact of HD on deer populations depends heavily on whether the disease occurs in enzootic or epizootic areas [39]. In naïve populations with no immunity or disease resistance, HD causes mortality [39] and can drastically reduce deer densities, particularly near river corridors [15]. However, in endemic areas, though HD seroprevalence is high, clinical symptoms and mortality are not common [40]. We modeled these differences by changing the number of deer that were removed from the landscape during an HD event, both by changing the extent of the outbreak (i.e., amount of vector habitat) and the percent of deer that were removed during an outbreak from that habitat. Our results suggest that in endemic areas where mortality is low (≤20%), HD is unlikely to reduce the CWD risk. However, in emerging disease zones, there is potential for HD outbreaks to mitigate CWD in populations, as is evident by our 70% deer mortality scenario. This high-mortality scenario is not impossible, as Christensen et al. [15] found an over 75% recovery in deer density from one year after the EHD outbreak to five years post-outbreak near a river corridor in central Michigan. Although the pre-HD outbreak density was unknown for the area, population increases following the outbreak year were absent both in agricultural areas adjacent to the river and in a comparable riverine habitat where no mortalities were observed [15], suggesting that HD was the cause of the local decline. The 75% recovery (or increase) in deer density 5 years following an HD outbreak suggests that the HD outbreak caused a large reduction in deer density (>70%) that rebounded over time, which supports that a mortality rate of 70% as we modeled in our high-deer-mortality scenario could happen in natural environments.



Our results suggest that the amount of vector habitat in a landscape directly impacts the probability of HD outbreaks affecting reduced CWD risk. Unsurprisingly, we found that increases in vector habitat reduced CWD risk following an HD outbreak. As more deer are removed from the landscape during an HD mortality event, there is a higher probability of randomly removing a deer with CWD and reducing subsequent transmission events. Although it is difficult to predict future HD impacts given its dependence on a variety of factors including the abundance of wetland habitat [14], temperature [12], and precipitation [13] in addition to the potential for deer populations to develop immunity against viruses that cause HD [39], this study highlights that under certain conditions, HD outbreak can impact CWD risk in WTD populations.



The capacity for HD to influence CWD depends heavily on the timing of the HD outbreak. The fast-acting and localized disease impacts from HD present a stark contrast in disease dynamics from CWD, which generally progresses slowly both in individual animals and at the population level. We found that HD outbreaks do not reduce the probability of a CWD outbreak if they occur prior to CWD introduction despite reducing the density of deer under high-severity and -frequency scenarios, at least in our simulations. If the HD outbreaks occurred after CWD was introduced, in those same high-severity and -frequency scenarios, HD did reduce CWD outbreak potential. Ultimately, the possibility of removing an initial case of CWD within a deer population and in an area with otherwise very low CWD prevalence has significant effects on the likelihood of CWD outbreak and persistence. This is because CWD transmission is not entirely density-dependent, and instead the frequency of infected individuals within a population can influence CWD dynamics [41,42]. If density-dependent mechanisms were solely at play with CWD, reducing the total number of deer, and thus their density, would always reduce CWD risk. We did not observe that in our model; HD outbreaks had the greatest effect when CWD was introduced just prior to the HD outbreak. HD outbreaks only have the capacity to reduce the number of infected individuals and thus the frequency of CWD, if CWD is already present within the population. Our modeling approach allows us to know exactly when CWD is introduced into the population, but on natural landscapes, CWD can go undetected in a population for years due to its slow progression, so knowing when CWD is introduced into a population is nearly impossible. Again, as HD outbreak frequency increases, the likelihood of occurring early after CWD increases, and therefore, frequent HD outbreaks are the most likely to impact CWD dynamics.



CWD risk is often associated with reported disease prevalence, which is the number of infected individuals out of the total number of individuals tested. Modeling techniques, like the one used in this study, allow the user to quantify true prevalence, a number that is impossible to obtain from free-ranging cervid populations. In this study, we found that HD outbreaks have no impact on true CWD prevalence, and that is because, while severe HD outbreaks may reduce the number of CWD-positive individuals, they also reduce the total number of deer on the landscape. This ultimately leads to no changes in true prevalence but rather a reduction in the absolute value of both infected and non-infected deer. In other words, there is no bias in the reduction in CWD-infected vs. non-infected individuals. This highlights that managers must consider the total population size when determining CWD surveillance strategies because disregarding how many deer occur on the landscape when deciding how many deer to test for CWD may prevent CWD detection [43].



Our study fails to incorporate behavioral changes associated with CWD infection in deer that likely make CWD-positive deer more likely to contract HD. A key symptom of CWD is excessive thirst and increased drinking (Williams et al., 2002). This symptom may draw CWD-positive deer toward water sources, where they also may be more likely to contract HD via contact with HD vectors. In our model, CWD infection did not alter water-seeking behavior in deer, and therefore CWD-positive deer would be no more likely to succumb to HD than CWD-negative deer. While no experimental studies to our knowledge have ever challenged CWD-positive deer with a second infection, it is likely that CWD-positive deer would be more vulnerable to subsequent infections due to behavioral or immune responses and therefore may succumb to CWD or HD more quickly, which could result in reduced transmission of CWD to healthy deer. However, in our model, CWD-infected and non-infected deer were equally vulnerable to HD-driven mortality. Increased water-seeking behavior and decreased capacity to fight subsequent infections in CWD-positive deer would increase HD-related impacts on CWD, and as such, our results may underestimate the potential for HD to buffer CWD.



Ultimately, this work highlights that while severe HD outbreaks can potentially reduce localized CWD risk, they are unlikely to completely eradicate CWD from the landscape. Additionally, more realistic, moderate HD-driven mortality events are expected to have little impact on CWD or WTD population dynamics. This suggests that managers should not assume fewer CWD-positive animals following an HD event but instead may consider increasing efforts for deer density management and CWD control strategies following HD outbreaks as these natural reductions in deer densities may provide a unique opportunity to get a leg up on CWD.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/pathogens13070545/s1. Table S1: Population and behavior parameters used in the OvCWDdy modeling environment. Table S2: Age- and sex-specific mortality parameters used in the OvCWDdy modeling environment. Table S3: Generalized linear mixed model output for the impact of HD treatment on the probability of a CWD outbreak. Table S4: Results of Dunnett’s post-hoc analysis for total CWD infected areas. Table S5: Results of Dunnett’s post-hoc analysis for total CWD positive deer. Table S6: Results of Dunnett’s post-hoc analysis for CWD prevalence. Table S7: Results of Dunnett’s post-hoc analysis for deer population density.





Author Contributions


Conceptualization, S.C.; methodology, S.C. and M.S.; software, M.S.; validation, M.S., formal analysis, M.S.; writing—original draft preparation, M.S. and S.C.; writing—review and editing, M.S. and S.C.; supervision, S.C.; funding acquisition, S.C. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Hal and Jean Glassen Memorial Foundation.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data can be made available upon request to the authors.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Moutailler, S.; Valiente Moro, C.; Vaumourin, E.; Michelet, L.; Tran, F.H.; Devillers, E.; Cosson, J.F.; Gasqui, P.; Van, V.T.; Mavingui, P.; et al. Co-infection of Ticks: The Rule Rather Than the Exception. PLoS Neglected Trop. Dis. 2016, 10, e0004539. [Google Scholar] [CrossRef] [PubMed]

	



Petney, T.N.; Andrews, R.H. Multiparasite communities in animals and humans: Frequency, structure and pathogenic significance. Int. J. Parasitol. 1998, 28, 377–393. [Google Scholar] [CrossRef] [PubMed]

	



Tompkins, D.M.; Dunn, A.M.; Smith, M.J.; Telfer, S. Wildlife diseases: From individuals to ecosystems. J. Anim. Ecol. 2011, 80, 19–38. [Google Scholar] [CrossRef] [PubMed]

	



Russell, R.E.; DiRenzo, G.V.; Szymanski, J.A.; Alger, K.E.; Grant, E.H.C. Principles and Mechanisms of Wildlife Population Persistence in the Face of Disease. Front. Ecol. Evol. 2020, 8, 569016. [Google Scholar] [CrossRef]

	



Daszak, P.; Cunningham, A.A.; Hyatt, A.D. Emerging infectious diseases of wildlife--threats to biodiversity and human health. Science 2000, 287, 443–449. [Google Scholar] [CrossRef] [PubMed]

	



Jones, K.E.; Patel, N.G.; Levy, M.A.; Storeygard, A.; Balk, D.; Gittleman, J.L.; Daszak, P. Global trends in emerging infectious diseases. Nature 2008, 451, 990–993. [Google Scholar] [CrossRef]

	



Williams, E.S.; Miller, M.W.; Kreeger, T.J.; Kahn, R.H.; Thorne, E.T. Chronic Wasting Disease of Deer and Elk: A Review with Recommendations for Management. J. Wildl. Manag. 2002, 66, 551. [Google Scholar] [CrossRef]

	



Stallknecht, D.E.; Allison, A.B.; Park, A.W.; Phillips, J.E.; Goekjian, V.H.; Nettles, V.F.; Fischer, J.R. Apparent increase of reported hemorrhagic disease in the midwestern and northeastern USA. J. Wildl. Dis. 2015, 51, 348–361. [Google Scholar] [CrossRef]

	



Johnson, C.J.; Herbst, A.; Duque-Velasquez, C.; Vanderloo, J.P.; Bochsler, P.; Chappell, R.; McKenzie, D. Prion protein polymorphisms affect chronic wasting disease progression. PLoS ONE 2011, 6, e17450. [Google Scholar] [CrossRef]

	



Shope, R.; MacNamara, L.; Mangold, R. A virus-induced epizootic hemorrhagic disease of the Virginia white-tailed deer (Odocoileus virginianus). J. Exp. Med. 2002, 11, 155–170. [Google Scholar] [CrossRef]

	



Miller, M.W.; Williams, E.S.; Hobbs, N.T.; Wolfe, L.L. Environmental sources of prion transmission in mule deer. Emerg. Infect. Dis. 2004, 10, 1003–1006. [Google Scholar] [CrossRef] [PubMed]

	



Xu, B.; Madden, M.; Stallknecht, D.E.; Hodler, T.W.; Parker, K.C. Spatial-temporal model of haemorrhagic disease in white-tailed deer in south-east USA, 1983 to 2000. Vet. Rec. 2012, 170, 288. [Google Scholar] [CrossRef] [PubMed]

	



Christensen, S.A.; Ruder, M.G.; Williams, D.M.; Porter, W.F.; Stallknecht, D.E. The role of drought as a determinant of hemorrhagic disease in the eastern United States. Glob. Chang. Biol. 2020, 26, 3799–3808. [Google Scholar] [CrossRef]

	



Berry, B.S.; Magori, K.; Perofsky, A.C.; Stallknecht, D.E.; Park, A.W. Wetland cover dynamics drive hemorrhagic disease patterns in white-tailed deer in the United States. J. Wildl. Dis. 2013, 49, 501–509. [Google Scholar] [CrossRef] [PubMed]

	



Christensen, S.A.; Williams, D.M.; Rudolph, B.A.; Porter, W.F. Spatial variation of white-tailed deer (Odocoileus virginianus) population impacts and recovery from epizootic hemorrhagic disease. J. Wildl. Dis. 2021, 57, 82–93. [Google Scholar] [CrossRef] [PubMed]

	



Mellor, P.S.; Boorman, J.; Baylis, M. Culicoides biting midges: Their role as arbovirus vectors. Annu. Rev. Entomol. 2000, 45, 307–340. [Google Scholar] [CrossRef] [PubMed]

	



Arnett, E.B.; Southwick, R. Economic and social benefits of hunting in North America. Int. J. Environ. Stud. 2015, 72, 734–745. [Google Scholar] [CrossRef]

	



Rooney, T.P.; Waller, D.M. Direct and indirect effects of white-tailed deer in forest ecosystems. For. Ecol. Manag. 2003, 181, 165–176. [Google Scholar] [CrossRef]

	



Belsare, A.V. MIOvCWD, version 1.0.0, CoMSES Computational Model Library: 2019. Available online: https://www.comses.net/codebases/31ff492f-bf2a-4b5c-8ebf-078d27579a9d/releases/1.0.0/ (accessed on 6 May 2024).

	



Belsare, A.V. MiOVPop Version 1.1.0, CoMSES Computational Model Library: 2019. Available online: https://www.comses.net/codebases/7a376ee4-74db-4a84-924a-ecda12d6d839/releases/1.1.0/ (accessed on 6 May 2024).

	



Belsare, A.V.; Stewart, C.M. Ov CWD: An agent-based modeling framework for informing chronic wasting disease management in white-tailed deer populations. Ecol. Solut. Evid. 2020, 1, e12017. [Google Scholar] [CrossRef]

	



Long, E.S.; Diefenbach, D.R.; Rosenberry, C.S.; Wallingford, B.D. Multiple proximate and ultimate causes of natal dispersal in white-tailed deer. Behav. Ecol. 2008, 19, 1235–1242. [Google Scholar] [CrossRef]

	



Long, E.S.; Diefenbach, D.R.; Rosenberry, C.S.; Wallingford, B.D.; Grund, M.D. Forest cover influences dispersal distance of white-tailed deer. J. Mammal. 2005, 86, 623–629. [Google Scholar] [CrossRef]

	



Sciaini, M.; Fritsch, M.; Scherer, C.; Simpkins, C.E. NLMR and landscapetools: An integrated environment for simulating and modifying neutral landscape models in R. Methods Ecol. Evol. 2018, 9, 2240–2248. [Google Scholar] [CrossRef]

	



Gardner, R.H.; Milne, B.T.; Turnei, M.G.; O’Neill, R.V. Neutral models for the analysis of broad-scale landscape pattern. Landsc. Ecol. 1987, 1, 19–28. [Google Scholar] [CrossRef]

	



Rahimi, E.; Barghjelveh, S.; Dong, P. Estimating landscape structure effects on pollination for management of agricultural landscapes. Ecol. Process. 2021, 10, 59. [Google Scholar] [CrossRef]

	



Keyser, P.D.; Guynn, D.C., Jr.; Hill, H.S., Jr. Density-dependent recruitment patterns in white-tailed deer. Wildl. Soc. Bull. 2005, 33, 222–232. [Google Scholar] [CrossRef]

	



Hoarau, A.O.G.; Mavingui, P.; Lebarbenchon, C. Coinfections in wildlife: Focus on a neglected aspect of infectious disease epidemiology. PLoS Pathog. 2020, 16, 1–5. [Google Scholar] [CrossRef]

	



Nieto, N.; Foley, J. Meta-Analysis of Coinfection and Coexposure with Borrelia burgdorferi and Anaplasma phagocytophilum in Humans, Domestic Animals, Wildlife and Ixodes ricinus-Comples Ticks. Vector-Borned Zoonotic Dis. 2009, 9, 93–101. [Google Scholar] [CrossRef] [PubMed]

	



Hoff, G.; Trainer, D. Observations of Bluetongue and Epizootic Hemorrhagic Disease Viruses in White-tailed deer: (1) Distribution of virus in the blood (2) Cross-challenge. J. Wildl. Dis. 1974, 10, 25–31. [Google Scholar] [CrossRef] [PubMed]

	



Quist, C.; Howerth, E.; Stallknecht, D.; Brown, J.; Pisell, T.; Nettles, V. Host Defense Responses Associated with Experimental Hemorrhagic Disease in White-tailed deer. J. Wildl. Dis. 1997, 33, 584–599. [Google Scholar] [CrossRef]

	



Ramsay, C.; Rohr, J. The application of community ecology theory to co-infections in wildlife hosts. Ecology 2021, 102, e03253. [Google Scholar] [CrossRef]

	



Heberlein, T.A. “Fire in the Sistine Chapel”: How Wisconsin Responded to Chronic Wasting Disease. Hum. Dimens. Wildl. 2004, 9, 165–179. [Google Scholar] [CrossRef]

	



Uehlinger, F.D.; Johnston, A.C.; Bollinger, T.K.; Waldner, C.L. Systematic review of management strategies to control chronic wasting disease in wild deer populations in North America. BMC Vet. Res. 2016, 12, 173. [Google Scholar] [CrossRef]

	



Fischer, J.R.; Hansen, L.P.; Fales, W.H.; Gosser, H.S.; Turk, R.; Miller, A. An Epizootic of Hemorragic Disease in White-tailed Deer (Odocoileus virginianus) in Missouri: Necropsy Findings and Population Impact. J. Wildl. Dis. 1995, 31, 30–36. [Google Scholar] [CrossRef]

	



Pybus, M.J.; Ravi, M.; Pollock, C.; Management, W. Epizootic Hemorrhagic Disease in Alberta, Canada. J. Wildl. Dis. 2014, 50, 720–722. [Google Scholar] [CrossRef] [PubMed]

	



Roughton, R.D. An outbreak of a hemorrhagic disease in white-tailed deer in Kentucky. J. Wildl. Dis. 1975, 11, 177–186. [Google Scholar] [CrossRef]

	



Sleeman, J.M.; Howell, J.E.; Knox, W.M.; Stenger, P.J. Incidence of Hemorrhagic Disease in White-Tailed Deer Is Associated with Winter and Summer Climatic Conditions. Ecohealth 2009, 6, 11–15. [Google Scholar] [CrossRef]

	



Gaydos, J.K.; Davidson, W.R.; Elvinger, F.; Mead, D.G.; Howerth, E.W.; Stallknecht, D.E. Innate resistance to epizootic hemorrhagic disease in white-tailed deer. J. Wildl. Dis. 2002, 38, 713–719. [Google Scholar] [CrossRef] [PubMed]

	



Stallknecht, D.E.; Luttrell, M.P.; Smith, K.E. Hemorrhagic Disease Enzootic Stability in White-tailed Deer in Texas: A Case for enzootic stability. J. Wildl. Dis. 1996, 32, 695–700. [Google Scholar] [CrossRef]

	



Habib, T.J.; Merrill, E.H.; Pybus, M.J.; Coltman, D.W. Modelling landscape effects on density-contact rate relationships of deer in eastern Alberta: Implications for chronic wasting disease. Ecol. Model. 2011, 222, 2722–2732. [Google Scholar] [CrossRef]

	



Storm, D.J.; Samuel, M.D.; Rolley, R.E.; Shelton, P.; Keuler, N.S.; Richards, B.J.; Van Deelen, T.R. Deer density and disease prevalence influence transmission of chronic wasting disease in white-tailed deer. Ecosphere 2013, 4, 1–14. [Google Scholar] [CrossRef]

	



Belsare, A.; Gompper, M.; Keller, B.; Sumners, J.; Hansen, L.; Millspaugh, J. Size matters: Sample size assessments for chronic wasting disease surveillance using an agent-based modeling framework. MethodsX 2020, 7, 100953. [Google Scholar] [CrossRef] [PubMed]








[image: Pathogens 13 00545 g001] 





Figure 1. Schematic diagram of experimental design. We modeled chronic wasting disease dynamics across 36 different HD treatment combinations (3 levels of vector habitat abundance [low, medium, or high] × 2 levels of percent deer mortality [20% or 70%]) × 3 HD outbreak timing treatments [2 months before CWD introduction, 2 months after CWD introduction, or 26 months after CWD introduction] × 2 HD outbreak frequencies [1 outbreak per simulation, 2 outbreaks per simulation = 36 HD treatments] and 2 disease control scenarios (HD-absent control or CWD-absent control) for 10 replicate landscapes. The landscapes used in the modeling environment were derived from neutral landscape models and thus represent virtual space. In each landscape, black areas represent areas that are not occupied by deer, and shades of green represent relative percent forest cover with darker areas indicating higher cover. Blue areas represent vector (i.e., river) habitats. 
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Figure 2. Influence of HD treatment on the CWD outbreak probability. The proportion of model simulations that resulted in CWD prevalence ≥ 1% at the end of the 10-year model simulations for each HD treatment. HD treatments differed in vector habitat abundance (low, medium, or high), mortality severity (20% or 70%), frequency (1 or 2 per 10-year simulation), and timing (2 months before CWD introduction, 2 months after CWD introduction, or 26 months after CWD introduction). Plotted values are means ± 1 SD. The blue and gray points indicate the average CWD outbreak probability for each of the ten replicate landscapes. * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Figure 3. Influence of HD treatment on the CWD risk: (A) total CWD cases at the end of the 10-year model simulations for each HD treatment; (B) CWD area at the end of the 10-year model simulation for each HD treatment; (C) CWD prevalence at the end of the 10-year model simulation. HD treatments differed in vector habitat abundance (low, medium, or high), mortality severity (20% or 70%), frequency (1 or 2 per 10-year simulation), and timing (2 months before CWD introduction, 2 months after CWD introduction, or 26 months after CWD introduction). Plotted values are means ± 1 SD. The blue and gray points indicate the average variable for each of the ten replicate landscapes. * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Figure 4. Influence of HD treatment on the final deer population density. Final deer population at the end of the 10-year model simulations for each HD treatment. HD treatments differed in vector habitat abundance (low, medium, or high), mortality severity (20% or 70%), frequency (1 or 2 per 10-year simulation), and timing (2 months before CWD introduction, 2 months after CWD introduction, or 26 months after CWD introduction). Plotted values are means ± 1 SD. The blue and gray points indicate the average deer density for each of the ten replicate landscapes. * p < 0.05, *** p < 0.001. 
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