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Despite advances in herd management, tuberculosis (TB) continues to affect ~0. 5% of Ireland's national cattle herd annually. It is clear that any “final” eradication of TB in cattle will need to address all TB maintenance hosts in the same environment. In Ireland and the UK, European Badgers (Meles meles) are a known TB maintenance host, while deer are recognised as spillover hosts. However, deer have been identified as maintenance hosts in other countries and Sika deer, specifically, have been identified with TB in Ireland. We examined the power of cattle, badger and Sika deer densities (at the county level) to predict cattle TB-breakdowns in Ireland, at both the herd and the individual level, using data collected between 2000 and 2018. Our hypothesis was that any positive correlations between deer density and cattle TB-breakdowns would implicate deer as TB maintenance hosts. Using linear multiple regressions, we found positive correlations between deer density and cattle TB-breakdowns at both the herd and individual levels. Since Sika deer in County Wicklow are known to have TB, we ran further regressions against subsets of data which excluded individual Irish counties. Analyses excluding Wicklow data showed much weaker correlations between Sika deer density and cattle TB-breakdowns at both the herd and individual levels, suggesting that these correlations are strongest in County Wicklow. A similar effect for badger density was seen in County Leitrim. While locally high densities of Sika deer persist in Irish counties, we believe they should be considered an integral part of any TB-control programme for those areas.
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INTRODUCTION

Tuberculosis (TB), an infectious disease caused by members of the Mycobacterium tuberculosis (M. tuberculosis) complex (MTBC) (1), is one of the leading causes of infectious disease mortality worldwide. As a zoonotic disease TB affects humans and multiple animal species and has been recognised as a major health risk to humans and animals for more than a century (2). In 2019, 1.4 million people died of tuberculosis (1). Bovine tuberculosis (bTB) is a chronic disease of cattle caused by members of the MTBC, primarily by M. bovis, but also M. caprae and, to a lesser extent, M. tuberculosis (3). In addition to infecting cattle and humans, the same Mycobacteria also infect other domestic animals and wildlife populations (4), causing general illness, pneumonia, weight loss and deaths. In countries where bTB is still common, and particularly where pasteurization of milk is not practiced, an estimated 10–15% of human cases of TB are caused by M. bovis.

Host density is a key driver of tuberculosis transmission rates and the aggregation of hosts (e.g., in large social groups) can create, or increase, opportunities for intra- or interspecific disease transmission (5). In Ireland bTB is most frequently caused by M. bovis (6). In cattle, TB transmission is most likely when stocking density is high (7). Depending on the infection dynamics of populations, infected wild animals are described as either maintenance or spillover hosts (8). In maintenance hosts, infection persists by intra-species transmission. By contrast, in spillover hosts, infection will not persist indefinitely, unless there is re-infection from another species.

The social structure of European Badgers (Meles meles) and their longevity, when infected, make them an ideal maintenance host for M. bovis (9). Indeed, badgers are recognised as wildlife reservoirs of M. bovis in the UK and Ireland (10). Other species are recognised as TB maintenance hosts in other countries; wild boar (Sus scrofa) in Iberia (11), African buffalo (Syncerus caffer) and Marsh antelope (Kobus leche) in Africa (12), Brushtail Possum (Trichosurus vulpecula) in New Zealand (13) and White-tailed Deer (Odocoileus virginianus) in the USA (14). In all cases, consideration of M. bovis (or other MTBC members) within these maintenance host populations is essential for bTB control programmes (15–19).

In general terms, disease emergence, or increased disease risk, is a frequent consequence of high density, close association and/or ungulate overabundance (20, 21). Red Deer (Cervus elaphus) and Fallow Deer (Dama dama), social species that naturally aggregate into groups, are considered TB spillover hosts in Spain (22), but recent work has shown that Red Deer, in Austria, Germany, and Italy, can also act as maintenance hosts for both M. bovis and M. caprae (another MTBC member) when they reach high densities (23–25). While regional density estimates appeared relatively low (e.g., 5.6 animals/km2), aggregation behaviour of Red Deer was shown to increase local densities by an order of magnitude (up to 46.2 animals/km2) at sites where supplementary winter feeding was provided (23). In the USA, White-tailed Deer numbers fluctuate from year to year in Michigan. In 1995 the population was estimated to be 2.2 million (26). Since that time the Michigan Department of Natural Resources (MDNR) have restricted supplementary winter feeding (27) and have attempted to reduce the state population to one million deer (in the spring herd). The MDNR have not been issuing estimates of deer populations for many years, but as the number of hunters and the deer harvest have both been on general declines since 1998 (28), we believe the White-tailed Deer population in Michigan is currently increasing. State-wide estimates of White-tailed Deer range from 4.5 to 8.8 animals/km2, using population estimates from 1937 to 1995, respectively (26). Yet the density of White-tailed Deer at DeSoto National Wildlife Refuge, Michigan, USA has been recorded between 36.5 and 50.6 animals/km2 (29). It is clear that aggregation behaviour in White-tailed Deer produces dramatic increases in local population density, in comparison to regional density estimates.

Estimates of Sika Deer (Cervus nippon) density for County Wicklow have risen from 7.8 animals/km2 in 2000 to 31.4 animals/km2 in 2018 (based on Sika Deer harvest or “bag” numbers published by the National Parks and Wildlife Service – NPWS–Supplementary Table 1). Although density calculations based on “bag” numbers are likely to be underestimates, as not all deer deaths (e.g., road deaths and natural causes) are reported in any given year, the technique has proved to be a good predictor of deer populations (30). The most recent estimate (31.4 animals/km2 in 2018) for Sika in County Wicklow provides a regional density far greater than that of both Red Deer in an Austrian bTB hotspot (23) and that of state-wide estimates for White-tailed Deer in Michigan (26). If Sika Deer exhibit aggregation behaviour similar to Red and White-tailed Deer, it is likely that they have reached a threshold density in County Wicklow and are now acting as maintenance hosts for TB, rather than spillover hosts.

TB has been recorded in both farmed and wild deer in Ireland (31), but records from the Irish Department of Agriculture, Food and the Marine (DAFM) show that Wicklow is the only county in Ireland where TB has been confirmed in multiple hunted deer over many years (6). In 2007/08, within Wicklow, 80 Sika deer were culled and their entire carcases examined for the presence of typical TB lesions. Incidence of TB was 5% and the strains of TB in the deer were also found to be present in local badger and cattle populations (6). In 2014/15 a more thorough TB detection protocol identified 17% prevalence (23 of 133 deer) (6). Unfortunately, it is unclear whether the difference in prevalence between these two studies represents a rise in TB infection in Wicklow's Sika Deer, as detection protocols varied between years. Despite that uncertainty, it is clear that TB has persisted in Wicklow's Sika deer for at least the last decade. A recent study (32) has identified a high level of diversity of TB strains in Sika deer in County Wicklow. The same study also found that the TB strains in the deer were shared between badgers and cattle (32). This indicates that deer are sharing TB with other TB hosts in their environment and may, therefore, be acting as a source of infection for local cattle populations. Thus, we investigated whether Sika deer met the characteristics of a wildlife reservoir host for M. bovis (15, 19).



MATERIALS AND METHODS

We conducted two multiple linear regression analyses. The first analysis (herd-level analysis) used the density of cattle herds in each Irish county experiencing bTB breakdowns as the dependent variable and densities of cattle herds, Sika deer and badgers in each Irish county, as well as the year of recording (2000–2018), as predictive variables. The second analysis (individual-level analysis) used the density of cattle which were removed under the bTB eradication programme (i.e., number of “reactors”) in each Irish county as the dependent variable, and densities of cattle, Sika deer, and badgers in each Irish county, as well as the year of recording, as predictive variables. The way in which the values for the dependent and predictive variables were determined is explained below.


Estimations of Deer Populations From Hunting Bags

A study of Sika Deer in the Wicklow Mountains National Park (WMNP) (33) identified a nett annual productivity of about 25% (including estimations of female productivity, double births, calf survival, and adult survival). Another estimate (34) puts the nett annual productivity of Sika Deer in County Wicklow at 28%. This means that in order to maintain stable numbers, the maximum sustainable yield of local Sika Deer would be 28% of the population.

Using hunting bag data from the NPWS (www.npws.ie), we considered any increases in county bag numbers in consecutive years as an indication of population increase, i.e., more deer were being born than being removed. In those circumstances, bag totals were considered to be 25% of the population. When consecutive years showed slight decreases in hunting bags, those bag numbers were considered to indicate more deer were being removed than being born. We assumed those bags to represent 33% of the deer population. While bag numbers appear to offer a relatively crude method of assessing deer populations (35, 36), they can provide good estimates of county-level populations (30) (Supplementary Table 2). A variety of Sika density estimates were produced for each county by dividing population estimates of each deer species by habitat areas derived from CORINE 2012 (37) (Supplementary Table 3). This technique provided a way of allowing for deer aggregations in preferred habitats (e.g., pasture and woodland). The Sika density estimates which best explained variation in the herd-level (Supplementary Table 4) and individual-level (Supplementary Table 5) breakdown data for cattle were selected for those models, respectively, although all Sika density estimates gave similar results (Supplementary Tables 4, 5).



Badger Population Estimates

A survey of badger main setts in Ireland (38) was used to provide a baseline for badger densities across Ireland. Despite attempts at modelling fluctuations in badger populations using occupancy rates (39), nett productivity estimates (40) and removals over the study period, we were unable to produce credible population estimates. In County Wicklow, a seven-year study of badgers in an unculled population, found that the local density remained stable between 2010 and 2016, despite numerous badgers dying on roads in the study area (41). Indeed, this population showed a nett migration into surrounding areas, where DAFM culling was in operation. If such a pattern were repeated across the country, it seems likely that culled areas would show only temporary reductions in local population density. Bearing this in mind, we assumed that badger populations, at the county level, remained constant over the study period (Supplementary Table 6). This assumption tallies with anecdotal data.

A variety of badger density estimates were produced for each county by dividing estimates of badger numbers by habitat areas derived from CORINE 2012 (37). The badger density estimates which best explained variation in the herd-level (Supplementary Table 7) and individual level (Supplementary Table 8) breakdown data for cattle were selected for those models, respectively. As the badger populations in all counties were assumed to be stable, badger density values for individual counties were constant across the study period (2000–2018) in both the herd-level and individual-level models.



Cattle Population Densities

We used data from DAFM to identify the number of herds registered in each county (Supplementary Table 9), the number of infected herds within each county (Supplementary Table 10), the number of cattle removed as reactors in each county (Supplementary Table 11) and the number of individual cattle in each county (Supplementary Table 12), for each year of the study period (42).

Density estimates of herds, or individuals, were produced by dividing cattle numbers for each county by pasture areas derived from CORINE 2012 (37) (Supplementary Table 3).



Statistical Analysis

Analyses were performed in R (43) we used the lmer function from the lme4 package (44) to perform Generalised Linear Models (GLMs). Data were centred and scaled, to remove any numeric bias from individual predictive variables, using the standardize function from the arm package (45). County cattle density, county badger density, county deer density, year and all two-way interactions of animal densities with year, were included in full models for herd-level and individual-level analyses. The R code for these models is included for the reference of readers (Supplementary Figure 1).




RESULTS


Herd-level Analysis

This analysis used the density of cattle herds, Sika deer and badgers to explain the variation in herds with breakdowns at the county level between 2000 and 2018. Cattle herd densities were calculated per square kilometre of pasture. Following a comparison of density alternatives which best explained the variation in herd TB-breakdown density (Supplementary Table 4), Sika deer densities were calculated per combined square kilometre of pasture and forestry. A similar comparison for badgers (Supplementary Table 7), identified densities calculated per square kilometre of pasture as most appropriate.

The GLM provided several details about the trends in herd breakdown density (Table 1). Over the period of the study (2000–2018), the number of herd breakdowns fell (Year; estimate = −0.547431, t = −19.93, P < 0.001). The density of cattle herds was strongly and positively correlated with herd breakdown density (Cattle Herds; estimate = 0.319594, t = 6.877, P < 0.001), and this correlation showed a slight (but statistically insignificant) weakening over the course of the study (Cattle:Year interaction; estimate = −0.114097, t = −1.259, P > 0.05). The density of badgers was also strongly and positively correlated with the herd breakdown density (Badgers; estimate = 0.234398, t = 5.201, P < 0.001), and this correlation also weakened over the course of the study (Badger:Year interaction; estimate = −0.222166, t = −2.487, P = 0.0132). The density of Sika deer was weakly (lacking statistical significance) positively correlated with herd breakdown density (Deer; estimate = 0.05551, t = 1.674, P > 0.05), but the strength of this correlation increased over the course of the study (Deer:Year interaction; estimate = 0.139537, t = 2.134, P = 0.0334).


Table 1. Output from the GLM of herd-level analysis.
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Individual-level Analysis

This analysis used the density of cattle, Sika deer and badgers to explain the variation in the density of “reactor” cattle from herds with breakdowns, at the county level, between 2000 and 2018. Cattle densities were calculated per square kilometre of pasture. Following a comparison of density alternatives which best explained the variation in “reactor” density (Supplementary Table 5), Sika deer densities were calculated per square kilometre of agricultural land. A similar comparison for badgers (Supplementary Table 8), identified densities calculated per square kilometre of pasture as most appropriate.

The GLM provided several details about the trends in “reactor” cattle density (Table 2). Over the period of the study (2000–2018), the number of “reactors” fell (Year; estimate = −0.43572, t = −12.582, P < 0.001). The density of cattle was strongly and positively correlated with “reactor” density (Cattle; estimate = 0.2498, t = 4.831, P < 0.001), but the strength of this correlation showed a dramatic reduction over the course of the study (Cattle:Year interaction; estimate = −0.39112, t = −4.095, P < 0.001). The density of badgers was positively correlated with “reactor” breakdown density (Badgers; estimate = 0.15049, t = 2.983, P = 0.03), but this correlation did not change over the course of the study (Badger:Year interaction; estimate = 0.03452, t = 2.983, P > 0.05). The density of Sika deer was strongly and positively correlated with “reactor” density (Deer; estimate = 0.18767, t = 4.461, P < 0.001). While the strength of this correlation increased over the course of the study, that change did not reach statistical significance (Deer:Year interaction; estimate = 0.13961, t = 1.712, P = 0.0876).


Table 2. Output from the GLM of individual-level analysis.
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General Findings

Although there were differences between the two analyses, some general effects can be seen. Principally, the incidence of TB in cattle reduced dramatically during the study period. Despite this reduction, the local density of cattle, badgers, and Sika deer were all positively correlated with local TB density. While the correlation between local cattle density and local TB incidence, along with the correlation between local badger density with local TB incidence have been decreasing over time, the correlation between local deer density and local TB incidence has been increasing.

Having established that local Sika deer density was a useful predictor of local TB incidence, we investigated whether there were any regional aspects to this relationship. We ran further iterations of the herd-level and individual level analyses with subsets of the national data, excluding individual counties.

When Wicklow data were removed from the herd-level dataset (Supplementary Table 13), the resultant model no longer identified Sika deer density as an important predictor of TB breakdowns (Deer:Year interaction; estimate = 0.030361, t = 0.431, P = 0.6665). The same trend was seen when Westmeath data were removed from the herd-level dataset (Supplementary Table 13) (Deer:Year interaction; estimate = 0.130046, t = 1.955, P = 0.0512).

When Wicklow data were removed from the individual-level dataset (Supplementary Table 14), the resultant model no longer identified Sika deer density as an important predictor of TB reactors (Deer; estimate = −0.05224, t = −1.258, P = 0.20896). County Wicklow was the only county which affected the individual-level analysis in this way.

Curiously, when Leitrim data were removed from the herd-level dataset (Supplementary Table 13), the resultant model no longer identified badger density as an important predictor of TB breakdowns (Badgers; estimate = 0.040442, t = 1.203, P = 0.2295). The same trend was seen when Leitrim data were removed from the individual-level dataset (Supplementary Table 14) (Badgers; estimate = 0.05352, t = 1.316, P = 0.1887).




DISCUSSION


Herd-level Analysis

Higher local cattle densities and higher local badger densities correlate with higher local cattle herd TB-breakdown densities (Table 1). Such correlations are expected, since cattle and badgers are known maintenance hosts of TB in Ireland (46). The herd-level model shows the correlation between local badger density and local cattle herd TB-breakdown density has been decreasing over the last 19 years. This suggests that the national bTB eradication policy in Ireland (47, 48), and in particular the control of TB in the badger population, has been achieving success. Indeed, recent monitoring of TB in culled badgers has shown a reduction in infection rate from 26% in 2007 to 11% in 2011 (49). Such progress may encourage a progressive shift from culling towards badger vaccination (50). However, the correlation between local cattle herd density and local cattle herd TB-breakdown density has remained static. This indicates that whatever controls on herds are currently in place have been insufficient to make significant reductions in herd-level TB infection over the last 19 years. A recent study has suggested that high risk herds should be monitored even more closely (50).

While the management of cattle and badgers appears to have reduced local rates of TB breakdowns in cattle herds, Sika populations do not appear to have been under management. Increases in local Sika deer densities were correlated with an increase in local rates of TB breakdowns in cattle herds (Table 1). From further analyses it appears that the data from Counties Wicklow and Westmeath were driving this correlation (Supplementary Table 13). These counties show the highest correlations of Sika deer density with TB levels in cattle. It is here that we believe Sika deer, as maintenance hosts of TB, pose the greatest threat to cattle.



Individual-level Analysis

Higher local cattle densities and higher local badger densities correlate with higher numbers of “reactor” cattle at test (Table 2). This is to be expected, as cattle and badgers are known maintenance hosts of TB in Ireland (46). Our individual-level model identifies the correlation between local cattle density and local “reactor” density has decreased over the study period. This suggests that herd management and monitoring practices have improved over the last 19 years. Potentially, it is these improvements which have prevented the influence of TB wildlife vectors (i.e., badgers or deer) changing over the course of the study. However, the local density of Sika deer was strongly positively correlated with the density of “reactor” cattle. It appears that data from County Wicklow were driving this correlation (Supplementary Table 14).



Sika Deer as Maintenance Hosts of M. bovis

While a growing body of evidence (6, 32) has identified TB in Sika deer in Wicklow, it has been difficult to identify Sika deer as maintenance hosts of TB. Several unique strains of M. bovis have been found in Sika deer within Wicklow (32), which suggests they act as wildlife reservoirs of TB. The data presented here provides clear evidence that higher levels of TB in cattle are associated with higher local densities of Sika deer. While this does not demonstrate Sika deer act as maintenance hosts of TB in Ireland, it adds further weight to the argument.

Sika deer in Wicklow now have regional densities comparable to other deer populations where TB maintenance has been demonstrated (23, 51). While no other deer species are implicated in our findings, Roe deer (Capreolus capreolus) are known to act as spillover hosts (52), and both Red deer (10, 23) and Fallow deer (53, 54) have been found to act as TB maintenance hosts at higher densities. So, while we would encourage active management of Sika Deer in Wicklow, we would also encourage the monitoring of Sika, Red and Fallow deer numbers in other counties. Such monitoring should be of particular interest to those who harbour the ambition of making Ireland TB-free by 2030 (48), or England TB-free by 2038 (55), as well as stakeholders in countries where the management of bovine TB continues to cost tax-payers eye-watering sums (48, 55).

It is difficult to offer clear guidelines regarding a “safe” Sika deer population density within Wicklow. Sika are not distributed evenly across the county (Wesley Atkinson pers. comm.), so assessment of density may require calculation at a finer scale (e.g., electoral district). Normal aggregation behaviour by deer means that local population densities may be an order of magnitude higher than the overall regional population densities (23). While we are unaware of a tradition of supplementary feeding of wild deer in Ireland, White-tailed deer in the United States (56) and Red deer in the Tyrol (23) may be encouraged to aggregate when they receive supplementary winter feed. The practice of providing supplementary feeding at pasture to farmed livestock grazing, in the vicinity of Sika habitat, may offer unintended supplementary feed for deer. This could promote aggregation behaviour and bring deer and cattle into contact at high density. Allowing cattle access to woodland, or higher rough-grazing areas, would also increase cattle-deer interaction opportunities, as well as potentially increasing MTBC contamination in the environment where persistence of these diseases and exposure to susceptible species is a concern (4). Interspecies transmission of MTBC has been reported at interface areas between species (57–59).

Our findings serve as a timely reminder that the final eradication of TB in any national cattle herd, is likely to prove problematic unless all MTBC diseases are addressed in all livestock (60) and wildlife reservoirs (4, 16–19, 61).
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